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ABSTRACT 
Notched  slow  bend  tests  on 314 inch  thick  plate  welded  expeti- 
mentally  to  simulate  seam  and  girth  welds in a 260 inch  solid  pro- 
pellant  rocket  motor  case  are  adequate  to  detect  low  levels  of 
fracture  toughness  and  indicate  that TIG welding ie preferable t o  
M I G  or  shorting  arc  methods.  Critical  flaws will be  detectable by 
current  inspection  methods. A simplified  method  for  determining 
KIc was  experimentally  verified. 
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The  general  plan of the testing  program  was  arranged  at  meetings 
in 1963 (reference (b). An objective  was  to  obtain  a  practical  basis 
for  evaluating  the  fracture  toughness of base  metal  and of several 
types of welds in maraging  steel  plate  materials  being  considered  for 
the  rocket  casings. A s  a  means of simplifying  the  calculation of the 
plane  strain  fracture  toughness  value KIc from bend  test data,  a 
study was  made of the  use of equation 10 described  in  reference (c ) .  
Appendix A lists  the  results  from  all  valid  bend  tests  having 
a  starting  notch  parallel to the  plate  surface. 
DESCRIPTION  OF  MATERIAL 
The 314 inch  thick  plates of maraging  steel  were  from an air- 
melted 18 Ni (250) grade  and  from  a  vacuum  remelted 18 Ni (200) grade. 
Compositions of the heats of plate  and of welding  wire  are  listed  in 
Table 2. The  main  chemical  differences  between  the  two  grades  were 
in  contents of titanium,  molybdenum  and  cobalt.  These  analyses 
represented  standard  material  at  the  time  the  test  was  started. 
Because of short  supply  of  material  at  the  time,  several  heats  were 
used  in  testing  each  grade of plate.  Additional  variabies  under  test 
were the  effects of plate  rolling  direction  and of four  different 
procedures  for  welding. Two panels  were  heat  treated  to  aged  strength 
before welding, otherwise  all  welds  were  made on annealed  plate.  The 
test  conditions  are  summarized  in  Table 22. 
The  welds  were  made by Excelco  Developments  Incorporated 
(reference (d)). This  company  also  made  the  initial  preparation of 
test  bars by sectioning,  grinding and  machine  notching,  following  a 
typical  test  layout  shown  in  Figure 1. 
Identification  and  classification of bar  shipments  and  the  tensile 
testing were  carried  out by  the Mechanics  Division of the  Naval  Research 
Laboratory.  At  the  Naval  Weapons  Laboratory  the  bars  were  given 
additional  machine  notching  if  required,  aged,  fatigued  in  reverse 
bending  to  add a  natural  starting  crack,  and bend  tested. A standard 
aging  heat  treatment of four  hours  at 915°F was  used as suggested by 
Excelco. 
Nominal  tensile  properties  in  longitudinal  and  transverse 
specimens  from  each  heat of plate  after  aging  are  shown  in  Table 3 .  
The 18 Ni (200 )  grade  represented by  the  last  three  heats  in  this 
table  had  actual  yield  strengths in the  range of 225,000 to 235,000 psi 
compared  with 250,000 to 270,000 for  the 250 grade. 
DESCRIPTION OF TEST EQUIPMENT ~ AND ~~ PROCEDURE ~~ 
The  method of bend  testing  has  been  described  in  references (c),
(e) and (f). In early  tests,  KIc  was  determined by an  experimental 
compliance  method  using  these  formulas. 
(Symbols  are  identified  in  Tables 4-21 and 2 3 . )  
This  method  required a lengthy  calibration  procedure  conducted  on 
only a few  bars of  a test  lot. It had  the  merit  of  avoiding  unknown 
factors  which  might  affect  mathematical  relations i  calculating  KIc. 
More  recently, in equation 10 of reference (c), a formula  for  KIc  was 
introduced,  based  essentially  on  mathematical  considerations  and 
avoiding  the  use of the  parameters E or v .  
KIc = 3/2 L1 R (:) where R = 2 .060  
d 
and 
In  the  present  report,  both  ways of determining K I ~  usually  were  tried 
on the  same  test  lot  in  order  to  examine  the  correlation  between  them. 
A test  usually  was  replicated  about  twenty  times  in  important  areas 
to  facilitate a statistical  comparison. 
2 
Some compliance t e s t i n g  o f  250 grade bars  was car r ied  out  us ing  
a cons t an t  l oad  fo r  ca l ib ra t ion  be fo re  th i s  p rocedure  was found 
unsa t i s f ac to ry .  These tes t  va lues  were omit ted from t h e  t a b l e s .  
For accurate work with the compliance method it w a s  found necessary 
t o  u s e  a v a r i a b l e  c a l i b r a t i o n  l o a d  f o r  t h e  d(B/M)/da r e l a t i o n  which 
produced a c a l c u l a t e d  f i b e r  stress a t  the bot tom of  the s lot  about  
e q u a l  t o  h a l f  o f  t h e  y i e l d  stress ( re ference  (e)) .  
Approximate l o c a t i o n s  f o r  t h e  s t a r t i n g  n o t c h  i n  t h e  bend tests 
are iden t i f i ed  in  F igu re  2.  A machined  V-notch generally extended 
t o  15 percent of bar depth although a few 5 percent  notches were 
t r i e d .  For the  250 grade,  a 15 percent  notch  plus  about a 0.02 inch 
depth of  fa t igue crack proved sat isfactory (combined depth of 
approximately  0.14  inch  or 20  pe rcen t ) .  The tougher 200 grade  of 
maraging s t e e l  r e q u i r e d  a deeper  notch  in  order  to  obta in  a reasona- 
b l y  sharp end poin t  of  the  load-def lec t ion  curve .  A t o t a l  dep th  o f  
no tch  p lus  fa t igue  c rack  near  the  28 percent  optimum indica ted  by 
equation 19  of   re fe rence   (c )  was used.  These  deeper  notches  generally 
were fa t igued  down from a 15  percent  machined  notch.  This made t h e  
f a t igued  pa r t  o f  t he  no tch  somewhat deeper than a proposed 0.02 inch 
s tandard extension of  a machined notch. However the  deeper  fa t igue  
c rack  d id  no t  i n t e r f e re  se r ious ly  wi th  ob ta in ing  a f a i r l y  s t r a i g h t  
c rack  f ront  and the pract ice  e l iminated remachining operat ions (for  
f u t u r e  t e s t s ,  a 20 percent  machined notch depth probably would be 
recommended) . 
A fa t igue  load  was used which would produce a s u i t a b l e  f a t i g u e  
c rack  a f te r  reverse  bending  in  the  range  of  5,000 t o  20,000 cyc les  
using a Krouse- type plate  fa t igue machine adapted to  314 inch bars .  
The t o t a l  i n i t i a l  c r a c k  d e p t h  o r  "visuals" value  was measured 
t o  t he  nea res t  0.005 inch except  for  some ea r ly  t e s t s  r epor t ed  on ly  
t o  0.01 inch. The 4 depth was based on average dis tance of  the fat igue 
c rack  f ront  from the  su r face  o f  t he  ba r .  
A reduced tes t  coverage of  some p l a t e s  was caused mainly by with- 
ho ld ing  o f  ba r s  fo r  spec ia l  t e s t s  a t  the Naval Research Laboratory 
and o t h e r  l a b o r a t o r i e s .  
Formulas used i n  c a l c u l a t i o n s  are given in  Tables  23 and 24. 
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RESULTS AND DISCUSSION 
The ind iv idua l  da t a  and r e s u l t s  o f  t h e  bend tes ts  are l i s t e d  
in  Tables  4 th rough 21  (curve  types  a re  ident i f ied  in  F igure  11). 
Tes t s  w i th  obv ious  expe r imen ta l  d i f f i cu l t i e s  and s p e c i a l  n o t c h  t e s t s  
were n o t  i n c l u d e d  i n  t h i s  summary. Some t e s t  c o n d i t i o n s  were 
examined with as many as 20 repl icates  represent ing about  15 inches 
of  weld  length.   This  coverage  increased  probabili ty  of  f inding low 
values  of  f racture  toughness .  
Mean KIc va lues  ca l cu la t ed  by equat ion 10 are shown graphica l ly  
in  F igu res  3 through 6 a long  wi th  the  coef f ic ien t  of  var ia t ion  and 
the  95 percent  confidence limits f o r  t h e  mean.  Sample s i z e  must  be 
cons ide red  a long  wi th  the  s t a t i s t i ca l  sp read  s ince ,  obv ious ly ,  a 
l a rge  number o f  r e p l i c a t e s  improved accuracy of  predict ion.  In  com- 
par ing base metal  and welds  tes ted in  the same d i r e c t i o n ,  i t  w i l l  be 
n o t e d  t h a t  t e s t i n g  n e c e s s a r i l y  was divided between two panels  (see 
t e s t  l a y o u t  i n  F i g u r e  1) but  th i s  should  not  have  mater ia l ly  a f fec ted  
t h e  o v e r a l l  r e l a t i o n s .  
Using as a c r i t e r i o n  t h e  a v e r a g e  f r a c t u r e  t o u g h n e s s  a t  t h e  c e n t e r  
of the w e l d  i t  i s  apparent  tha t ,  except  for  T I G  welds using 110-140 
amperes ( l i t t l e  TIG) i n  250 grade,  the TIG welding procedures look 
more promising than ei ther  M I G  o r  sho r t  a r c ( l )  we lds .  It should be 
noted  tha t  o ther  tes ts  ( f o r  example,  weld eff ic iency under  tension 
loading)  a re  needed  for  fu l le r  eva lua t ion  of  a welding process.  
Other procedures such as submerged arc welds remain to be evaluated.  
It i s  o f  i n t e r e s t  t o  compare M I G  weld toughness values in 
annea led  p l a t e  and  in  p l a t e  aged  before  welding.  Evidently  there 
was not much d i f f e rence  i n  e f f e c t  on toughness between these pretreat- 
ments i n  e i t h e r  t h e  250 o r  t h e  200 grades al lowing for  possible  var i -  
ab i l i t y  i n  the  base  me ta l .  
A 250 grade of  weld wire was used for  both 250  and 200 types of 
base  p la te  because  th i s  was the only proven weld wire available at  
the t ime.  In  the case of  M I G  welding,  toughness a t  the  weld cen te r  
was p r a c t i c a l l y  t h e  same fo r  bo th  s t ee l  g rades  which suggested a 
poss ib i l i ty  of  equiva len t  depos i t s  of  fused  weld wire  unaffected by 
(')"Short arc" i s  a convent ional  expression for  short ing arc .  
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base metal  composition. On the other  hand,  the TIG weld  centers 
showed  probability of different  base  metal  effects  between  the  two 
steel  grades  welded with the  same 250 wire so obviously  there  are 
other  factors  involved  besides  wire  composition. 
Another  point of interest was the  presence of occasional  high 
toughness  areas  among  the  generally  low  results  for  the  center of 
the  short arc weld  in  200-grade  transverse  tests.  Conversely  the 
little TIG weld center, tested  longitudinally  in 250 grade, showed 
spots of relatively l o w  toughness. 
The  unom/uYS  ratio in Tables 4 through 21 gives  a  separate 
check on fracture  toughness  relations. A general  objective of frac- 
ture  mechanics  is  to  develop a  nominal  stress  equal  to 100 percent 
of yield  strength  at  the  notch  root f a  natural crack, so a ratio 
of one is  desired  for an optimum  combination of strength  and  tough- 
ness.  This  value of u was  reached  in  many  bend  tests, 
especially in the 200 grade  steel. 
nom/'YS 
A bend  test will  demonstrate  cracking  tendency  resulting  from 
banded  structure  in  the  base  metal.  This  condition  was  observed 
only  in  the  air-melted 250 grade  and  was  variable  in  extent  from 
practically  none  to  heavy  delaminations.  Actually  the  banding  asso- 
ciated  with  delamination  has  been  shown  to  improve  relative  resistance 
to  propagation of surface  type  cracks  crossing  the  plate  rolling 
direction but through-thickness  properties may  be  unsatisfactory 
(reference (g)). (Recent  reports  have  indicated  that  the  tendency 
toward  delamination  has  been  practically  eliminated  in  current 
production.) 
One of the  objectives of this  project  was a comparison between 
KIc values  determined by an experimental  method  and by a  mathematical 
relation.  The  results  are  shown  in  Figures 7 and 8. The  correlation 
between K I ~  by equation 10 and K I ~  by compliance  was  close to  the 
perfect 1:l ratio - if anything  the  equation  method  tended  to  give 
a  slightly  more  conservative  value.  Theoretical  equations  also  have 
been  proposed by Buechner, B. Gross and others and  these  presumably 
could be evaluated by use of the  data  in Tables.4 through  21. 
A comparison of anom/ayS with KIC by equation 10 is shown for 
the  two steel  grades in Figures 9 and 10. Although  a  linear  relation 
was  noted  between  KIc  and  unom/uYS  to  high values,  this  has  a  practical 
upper  limitation  in  that  the  stress  analysis  assumed is  for  linear 
elasticity  and  is  not  appropriate  for un m > > uys (reference (h)). 
A number of data  points  .were  located  above  the  principal  correla- 
tion  zone in Figure 9. This  was  a  real  effect  resulting from  notch 
depths  which were either  substantially  smaller or larger than the  optimum 
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range of 25 to 30 percent of bar  depth  indicated in reference (c). 
This obviously shows that, at notch  depths on either  side of the 
optimum  range,  the  maximum  nominal  fiber  stress  at  fracture  in  the 
ness. 
"bend  test ends to  become  larger  at a  given  level of fracture  tough- 
The  regression  lines  in  Figures 7 through 10 should  all  pass 
through  zero as a  matter of basic  principle,  however  the  data  were 
analyzed with a  digital  computer  program  which  did  not  impose  this 
condition.  Although  the  regression  lines  were  established  only by 
actual  data  points,  the  trend  toward  a  zero  intersection is  evident. 
A list of calibration  equations  in  Table 2 4  is presented  for 
record.  Putting 2 equal to zero in these  equations  gives an estimate 
of the  compliance  Bo/Mo of the  unnotched  bar. Mean  values of Bo/Mo 
for  the 250 and  for  the 200 grades of maraging  steel  are  almost 
identical - 5.19 and 5.21 (in2/lb x - and at a probability of 
0.95 there is no  significant difference,between them.  However  the 
range  of  Bo/Mo  values  is 4.92 to 5.35 for 250 grade  and 5.02 to 5.43 
for 200 grade.  This  considerable  variability  in  spring  constant of 
unnotched  bars  shows  the  problem of obtaining  representative  calibra- 
tion  specimens  when  using  only one or two  bars  per  group  to  establish 
a  compliance  relation.  The  variations in Bo/Mo may  result  from  local 
variations  in  composition or structure or from  internal  stresses 
resulting  from  processing  and  machining. In a  large  group of tests, 
an average  compliance basis  for KIc correlations  appears  satisfactory 
but between  specific  test  areas  a  variation  in  Bo/Mo  may  cause  some 
experimental  error. 
A set of typical  load-deflection  curves is illustrated in 
Figure 11. The  relative  occurrence of these  general  groupings is 
summarized  in  Table 25. The  distribution  differs  between  the 250 
and 200 grades with the  latter  showing  a  trend  toward E and F curves. 
A problem  arises  sometimes in choosing  the  exact  load  point  to 
use for "pop-in" of the  fatigue  crack  in  the  bend  test. In a low- 
toughness  condition  the  trend  was  toward  a  striight  load-deflection 
line  ending  in a sharp drop-off (curves A ,  B and D in Figure 11) or 
there  would be a  sudden  lateral  shift in the load-deflection line 
(curve C). With  our  deflection  magnification (83X) a pop-in by  line 
shift  was  considered  to  be  established by a  minimum 0.0006 inch 
deflection  movement  at  nearly  constant  load  followed by a reduced 
slope of the  rising  load  line. 
6 
Notably i n  200 grade materials, t he  load -de f l ec t ion  l i ne  o f t en  
showed a gradual  bend t o  lower slope near maximum load but without 
any  pop-in s h i f t  of t h e  l ine  (E and F curves  in  F igure  11). The 
change i n  s lope  was believed caused mainly by slow yielding around 
t h e  c r a c k  t i p  t o  form a p l a s t i c  zone. I n  these  cases  maximum load 
was used i n  KIc ca l cu la t ion  a long  wi th  the  2 va lue  fo r  t he  o r ig ina l  
fa t igue  c rack  f ront .  This  neglec ted  any  presumably  small  increase 
of 2 from slow growth i n  p l a s t i c  zone formation. Type E and F curves 
charac te r i s t ica l ly  occurred  wi th  h igh  toughness  va lues  (a  wider  bend 
specimen,  increasing restraint ,  should reduce the yielding effect  i f  
des i r ed ) .  
Figure 1 2  i s  a cha r t  made  by Tiffany and Lorenz (reference (i)) 
based on I rwin ' s  equat ion .  
The c h a r t  s i m p l i f i e s  p r e d i c t i o n  
flaws  based  on K I ~  va lues .  The 
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Q KIc 
o f  c r i t i c a l  s i z e s  o f  t y p i c a l  c r a c k  
flaw-size comparisons in Table 26 
are based on KIc da ta  for  the  impor tan t  case  of  stress across  the  
cen te r  o f  a long i tud ina l  seam weld i n  a motor  case. The condi t ions 
assumed  were a 90 percent  weld j o i n t  e f f i c i e n c y  (0 = 0.9  u ) and a 
flaw of  semicircular  shape located a t  t he  p l a t e  su r face  ( a  = c i n  
sketch a t  t op   l e f t   o f   F igu re  1 2 ) .  Corresponding   c r i t i ca l   f law  s izes  
based on mean KIc values  for  the four  welding procedures  are  given 
i n  t h e  n e x t  t o  las t  column of  Table  26. A more conservative approach 
would  be to   use  the  lowest  K I ~  va lue  in  a s e r i e s  o f  t e s t s .  The l a s t  
column i n  t h e  t a b l e  g i v e s  t h e s e  c r i t i c a l  f l a w  s izes  based on minimum 
K I ~  value.  Depending somewhat upon loca t ion  and o r i e n t a t i o n ,  i t  i s  
bel ieved that  crack dimensions on the  order  of 0.02 inch or more could 
e a s i l y  be de tec ted  by non-destruct ive inspect ion provided a good sur-  
f a c e  f i n i s h  on t h e  motor  case i s  achieved. I n  t h e  t a b l e  some of  the  
weld procedures showed a to le rance  for  c racks  of  cons iderably  la rger  
dimensions  (on  the  order  of  0.1  inch).  Comparing the  250 and 200 grades 
o f  s t e e l ,  it should be noted  tha t  any advantage of a l a r g e r  c r i t i c a l  
f l a w  s i z e  f o r  TIG welds i n  t h e  200 grade might be p a r t i a l l y  o f f s e t  
by a lower operating stress l e v e l .  
YS 
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Another  interesting  relation  brought  out  in  Table 26 is  the 
comparison of base  metal  hardness  with  an  average of the  hardness 
traverse  across  the  corresponding  weld  center,  these  values  being 
approximate  criteria of relative  strength. The average  weld  center 
hardness was indicated  to  be  about  the  same  for  both  grades of teel 
(49 to 50.5 Rockwe11 C). Thus  weld  hardness  apparently  was  less 
than  base  metal  for  the 250 grade (52 Rc) and  more  than  the base 
metal  in  the 200 grade (48.5 Rc). 
CONCLUSIONS 
At  this  stage of the  investigation it appears  that  notched  slow- 
bend tests,  carried  out  with a reasonable  number of replicates on 
314 inch  square  bars,  are  adequate o  detect  low  levels of fracture 
toughness  in welds  and  base  metal of the 250 and 200 grades  of 18 Ni 
maraging  steel  plate  stock. 
Out of four  welding  methods teste'd - MIG,  short  arc  and  two  vari- 
ations of TIG - the  two  TIG  procedures  showed  most  promise of giving 
good  fracture  toughness  properties  for  the  critical  longitudinal  seam 
construction  in  the  rocket  motor  case. 
The  maximum  size of flaws  which  can  be  tolerated  under  operating 
conditions at the  center  of  the  better  welds  was  indicated  to be in
a range  detectable by current  non-destructive  inspection  methods. 
A recently  introduced  mathematical  formula  for  determining KIc 
with the  bend  test was  found to  give  results  comparable  to  those 
obtained by the  experimental  compliance  method. 
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Materials  Application  Division, Air Force  Materials  Laboratory, 
Dayton, 9-11 June 1964 
Solid  Booster  Case  Materials",  Third  Maraging  Steel  Project 
Review,  Technical  Documentary Report  No. RTD-TDR-63-4048, Air 
Force  Materials  Laboratory,  Wright-Patterson  Air  Force  Base,  Ohio, 
November  1963.  Also  issued  as NWL Report No. 1884,  September  1963 
(e) Smith, H. L., Romine, H. E., "Fracture  Toughness  Evaluation of 
(f) Romine, H. E.  "Plane Strain  Fracture  Toughness  Measurements of 
( 9 )  NWL  Report  No. 1923, 30 June 1964 
(h) Irwin, G .  R. "Structural  Aspects of Brittle  Fracture",  Applied 
Materials  Research,  Vol. 3, No. 2, p. 65, April  1964 
(i) Tiffany, C. F., and Lorenz, P. M.,  "An Investigation of Low 
Cycle  Fatigue  Failures  Using  Applied  Fracture  Mechanics,''  Tec. 
Doc.  Rept. ML, TDR-64-53, May 1964; prepared  under  Contract 



















2 0  
21 
2 2  
23 
24 
L I S T  CF PLATES GIVING  DIRECTION AND NCMINAL IDENTIFICATION CCOES FCR THE FRACTURE  TESTS 
The t e s t  d i r e c t i o n  i s  g i v e n  i n  r e l a t i o n  t o  t h e  p r i n c i p a l  r o l l i n g  d i r e c t i o n  o f  t h e  b a s e  p l a t e  
18 N i  
Marag i ng 
Grade 
S tee  I 









































B a s e  M e t a l  T e s t s  
T e s t  
D i r e c t i o n  
1 
I I  
1 
I1 






I I  
1 
I I  
I I  
I I  
























~ " " " " " " ~ ~ " ~ - " " " ~ ~ " " " " " " -  We I d   T e s t s  
Weld Type 
L i t t l e  T I G  
L i t t l e  T I G  
MIG 
MI G 
S h o r t  A r c  
B i g  T I G  
MIG 
B i g  T I G  
S h o r t  A r c  
L i t t l e  TIG 
L i t t l e  T I G  
M I G  
MI G 
S h o r t  A r c  
B i g  T I G  
MI G 
B i g  T I G  
S h o r t  A r c  
Base  Me ta l  
C o n d i t i o n  
B e t   o r e  We I d 
Annea I ed 
Annea I ed 
Annea l e d  
Annea  led 
Annea I ed 
Annea I ed 
Aged 
Annea I ed 
Annea I ed 
Annea I ed 
Annea I ed 
Annea led  
Annea led  
Annea I ed 
Annea I ed  
Aged 
Annea led  
Annea I ed 
T e s t  
D i r e c t i   o n  
1 1  
I 














I I  
I I  
N m i n a l  Codes 
f o r  W e l d  
C e n t e r  T e s t s  
IV-AA. IV-AC 
IV-BA,  IV-BC 
I I-AA 
I I -BA,   I I -BC 
V-BA,  V-BC 
I l l - B A .   I l l - B C  
V I -EA, V I  -BC 
I I I-AA, I I I-AC 
V-AA, V-AC 
X I  I-AA, X I I - A C  
XI I -BA, XI I -BC 
X I  I I-AA, X I  I I-AC 
X I  I I-BA, X I  I I-BC 
XIV-AA,  XIV-AC 
XIV-BA,  XIV-BC 
XV-BA,  XV-BC 
XV-AA, XV-AC 
XVI-AA, X V I - A C  
" ~ ~ ~ _ "  
Nan i  na l  Codes 
f o r  Weld 
Edge T e s t s  
IV-AB, IV-AD 
IV-BB,  IV-BD 
I I -AB 
I 1-66. I I-BD 
V-BB, V-BD 
I I I-BB. I I I-BD 
V 1-88, V I  -BD 
I I I-AB, I I I-AD 
v-AB, v-AD 
X I  I-AB, X I  I-AD 
X I  1-66, X I  I-BD 
X I  I I-AB, X I  I I-AD 
X I  II-BB, X I  I I-BD 
XIV-AB, XIV-AD 
XIV-BB,  XIV-BD 
XV-BB, XV-BD 
XV-AB, XV-AD 
XV I -AB, XV I -AD 
TABLE 2. CCMPOSITI ONS OF HEATS ff MARAGING STEEL USED FOR FRACTURE  TOUGHNESS TESTS OF WELDMEKlS 
M a n u f a c t u r e r s '   A n a l y s e s  
HEAT 09850( I 
VACUUM  REMELTED 
250 GRADE  USED 
FCR WELD WIRE 
I N  PLATES I ,2, 
5.6.7,9, I I, 14, 
15,18,19,20, 










0. I O  
HEAT 08562( I 
VACUUM  REMELTED 
250 GRADE  USED 
FCR WELD WIRE 
I N  PLATES 8, IO, 
21 AND 23 







8. I I 
0.48 
0. I I 
HEAT 3951215 
VACUW REMELTED 
200 GRADE  USED 
FOR 3 / 4  INCH 
PLATES  15,20, 













200 GRADE  USED 
FOR 3 / 4  INCH 
PLATES 18 












HEAT 39608  I9  
200 GRADE  USED 














AIR MELTED 250 
3 / 4  INCH PLATES 
GRADE  USED FOR 












HEAT X 14636 
AIR MELTED 250 
GRADE  USED FCR 
3 /4  INCH  PLATES 















S u l f u r  
S i  I i c o n  
N i   cke  I
Molybdenum 
Coba I t 
T i   t a n i  urn 
Aluminum 
Copper 
Z i   r c o n i  urn 
Ca lc ium 
Oxygen 
















"- "_ "_ 
"_ 
( 1 )  T h e s e   a n a l y s e s   w e r e   f u r n i s h e d  by Exce lco   Deve lopments   Inc .   on  9 S e p t  1964 
TABLE 3. MECHANICAL  PROPERTIES OF MARAGING STEEL  PLATES 3/4 INCH THICK USED FOR FRACTURE TOUGHNESS  TESTS 
Aged p r o p e r t i e s  (915°F - 4 h r s )  measured i n  t y p i c a l  base ma te r ia l  of each 







T e s t   D i r e c t i o n  
Related t o   P l a t e  
R o l l i n g  D i r e c t i o n  
I I  
1 
I I  
1 
I I  
1 
I I  
1 
I I  
1 
Yie ld  S t reng th  
a t  0.2% O f f s e t  











Ult imate  T ns i le   E longat ion  Reduct ion 
Strength i n  2 in. of  Area 
( p s i  1 ( % I  ( % I  
272,000 4.0  30 
259,000 4.6 33 
265,000 4.7 35 
275,000 4.0 27 
233,000 12 52 
236,000 12 53 
234,000 13 53 
235,000 12 45 
238,000 13 56 
235,000 13 55 
Hardness 
Rc 
50 - 53 
50 - 53 
48 - 49 
48 - 49 
48 - 49 
TMLE 4. FMCTLRE  TCUMNESS TESTS W PLATE NO. I ,  250 KSI  W E  ff MARAGING STEEL, LITTLE T I G  WELO. 
Base Meta l :  I8 Nl(250) m a r a g i n g   s t e e l   p l a t e  3/4 I n c h   t h l c k ,   h e a t  No. X14636. air  mel ted .  M I 1 1  annealed, aged af ter  wslding-915'F. 4 hrs ,  a i r  cool, 
y i e l d   s t r e n g t h s :  263.000 P S I  I1 t o  R . O . ;  240,000 p51 1 to R.D.  
Yald: T i g  rs ld  (110-140 omps) by k c e l c o  Developments In=. 
Notch Condltion: Machlned  V-notch  extended by f a t i g u e  Crack, a l l  notches p a r a l l e l  t o  p l a t e  s u r f a c e .  
Test   Condit lons:  Bar bending  length was 6.00 inches ,   tes t5  rere Conducted a t  r- temperature. 
V i s u a l  4 
F a t i g u e  
M t c h  
Depth 
( I " )  
. I 6  
. I 5  
. I 4  
. I 2  
. I 4  
. I 5  
. I 5  
. I 4  . I3  
. I 4  
. I 5  
. I 3  
. I 3  
. I 4  
. I 5  
. I 4  
. I 4  
. I 4  . I 3  . I 4  . I 3  . I 5  . I 4  
. I 3  . I3 . I3 
TVD- of 
Bar Length 
Re I ated 
t o  P la t .  
RolIlng 
D i r e c t i o n  
0 
Wldth 




























































E q u a t l m  10 
K I C  
( I 0 0 0  p s m  
K1c by 
cmp1 ianc. 





























Un I t Load 
at Pop-in) 
( I b - I n )  
O e t l a c t l o n  
ibad- 
























































IV-AA-  2 
IV-AA- 3 




IV-AA-  0 













IV-AD-  4 
IV-AD-  6 
IV-AO-  5
IV-AD-  7
IV-AD-  0 
IV-AO-  9 
IV-AD- 10 















IV-AC-  9 
IV-AB- I 
IV-AB-  2 
IV-AB- 4 
IV-AB- 3 
IV-AB-  5 
IV-AB-  6 










































. I65  . I 50 






































































. I 7 0  . I55  . 165 
. I45  . I65 
,145 . I 5 0  . I 7 0  . I 60 . I 60 
, I60 
, 145 
, I50  
. 140 
, I55 
,145 . I 4 0  
, I25 
















.69 5.58 . 68 5.42 . 66 5.55 




,751  7,mo 
.750  8.660 
,748  8.450 
.75l b.230 
,751 7,'AJO 
,751  5,870 
,750 C.51U 
.-.Od2, 9 5 1  conl. I # m i  t5: 75.0 - 77.6, ',OS cunf.  I 1 m 8  ts: 75.2 - 11.1. 
. I 5  . I 3  . I G  87.5  .12 (1.09 ". 






I1  01 ,749 
1 1  01 ,751 
I1  Cy ,746 
I1  Cy ,751 
I1 cw ,749 
I1 Cy .750 
I1 Cy ,750 
I1 Cy ,150 
I1 Cy ,750 
I1  Cy ,751 
I1 Cy ,749 
I I  Cy .751 
I I  Cy ,751 
. I 5  
. 16 . 14 
.20 
. I 5  
. I O  
. I 5  
. I 5  
. I >  
. I 5  
. I 5  
. I 5  















.u5 . 18 
: :P 
.5n . (12 
,50 
. 71 
















,750  5.270 
,750 7.I'iO 
,749  6 460
,751 7 , w o  
,750  6,630 
,751  5.390
,751 7 ; m o  
,751 0,010 
,751 7,590 
,751 6 .660 
. I PI 
.I& 
. I7  
. I(1 
71.5  .14 








6 . 0  
I 1  Cy ,749 
I1  Cy ,749 
I I  01 ,751 
01 . E  
.746 7;OCQ . I9 'J4. 5 .77 (,. 53 
I 1  FZ ,150 
I1  FZ ,151 
I I  FZ ,149 
I1  FZ .150 
,750  7.970 . I9   107.0   .81  (1.37 0 
0 
F .749 0. 170 
,748  0,120 . I 6  71.5 . a d  
. I 7  102. u . n3 
L.01 
.750  8.160 . 19 1oq.o .17 I,. 34 
L. 05 
I1  FZ . l 5 l  
I 1  FZ ,750 
I1  FZ ,749 
,751 71920 . I 5  70.0 . 15 
.86 
,151  7,740 
,748 8.680 . I 6  104.5 5. 1'J 5 . 3 4  . 16 92.0 . 76 5.95 
101: Mem - 100.29. c.v.-.073, 7 5 1  c m f .  h m i t r :  75.5 - l O l . 1 ,  'IO1 ~ml. h r n 8 t 5 :  '34.7 - 105.1. 
I1 HAZ ,750 
I1 HAZ ,150 
I1  HAZ .148 














,751 7,190 . I 7  16.0 
,751 6.130 . 16 75.0 
,751 1,010 . I 5  80.0 
,750  9.280 . I 4  101.5 
.7Y 5.95 
.60  5.99 
6.06 
I1  HAZ ,750 
I1  HAZ ,750 
I1  HAZ ,150 
1 1  HA2 -740 
,750  8;OlO . I 4  88.5  .74 
,749  7.470 . 14 82.0 
,749  7,470 . 14 





n2.0  .69 
I1 HAZ ,149 ,750 9;350 . I 4  
,750 10,400 . I 4  
102.5 .86 5.91 
114.0 
,749 9.670 . I 4  106.0 
.96 5.77 
.750  8.660 . I 6  103.0 .85 6.09 
.n9  5.81 
I1 HAZ ,150 
I1 HAZ ,150 
I I  HAZ ,751 
I1 HA2 ,751 ,749  7;6 0 . I 6  02.0  .76  6.09 
S t a t i s t i c s  o f  K l C  v a l u e s  IEq .  
I1 OB ,750 
I1 00 ,750 
I1 OB ,150 
I1 DB .749 
I1 OB .750 
IO) :  Mean - 94.15. c.v. - .130,  95% conl .  l i m i t s :  06.7 - 101.6. 9 0 1  conf.  h m i t 5 :  88.1 - 100.2. 
,751 6.800 . I 1  83.5  .68 6. 19 C 
E 
0 
,750 6;OOO . I 7  74.5 .61 6.02 
,752  7.23  . I 5   02 .0  
.750 7.090 . I O  
.ea 5.01 
,750  9. 30 
90.0  .75 





I1 OB ,749 
1 1  00 .749 
I i  00 .149 
II 00 .740 
.750 7.880 
,751 9;430 . I 2  116.0 .95 
.OB 82.5  .70 




.750 6,970 . I 1  83.0 
,750  0,930 .OB 102.0 
,751  0,610 
,750  0,030 
. I 4  










.79  5.75 
.76 5.90 
I1 D8 .750 
I1 DB 
I O ) :  Mean - 92.50, c.v.-.125, 95% conf. l i m i t s :  05.5 - 99.5. 901 C o d .  limits: 86.8 - 90.2. 
TMLE 5. FWCTLRE TOUMNESS TESTS W P U T E  NO. 2, 250 KSI W E  W MAPAGING STEEL, L ITrLE TIG WELD. 
Base Meta l :  10 Ni(250) m a r a g i n g   s t e e l   p l a t e  314 inch   th ick ,   hea t  NO. X14636, a i r  melted.   MI11  annealed,   aged  af ter   *e lding-915'F,  4 h r s ,   a i r  cool 
y i e l d   s t r e n g t h s :  263,000 ps i  I 1  t o  R.D.; 240,000 ps i  1 t o  R.D. 
Weld: T i g  Weld (11'2-140 m p s )  by Excelco Developments Inc. 
Notch  Condition:  Machined  V-notch  extended  by  fatigue crack, a l l  notches parallel t o  p l a t e  surface. 
Test  Condit ions: Bar bending  length w.5 6.00 inches ,   tes ts  were Conducted a t  roan temperature. 
Visual  2 
Fat igue  
Notch 
Depth 















.20 . 16 
. I 7  
. I 5  








Re I ated  
t o   P l a t e  
RoI I i  ng 
D i r e c t i o n  
I1 























K I C  
CCmD I i  ance 
K i C  by 0 
Width 
Bar 























































U n i t  Load 





















13, I 2 0  
1,940 
I 1.540 
P I 0  



































































































. l o  






. 9 5  
Equation 10 
by NRL 



































































IV-8A- I O  


















































































5 .  lltl 
5.:0 
5.23 
5 .  I8 
5.99 
5.27 
I -  85.5. 
72.4. 
'iO.2. 


































































. I 7  . 16 
. I 6  
. I 5  
. I 7  
. I 4  . I 5  
. 14 
. I 4  
. I 6  























. 7 I  
.GO 
. (11 . 72 
.70 







5 .  74 
5.UO 
5,7', 
6 . 2 1  



























CW ,150 ,749  5;400 . 14 
CW ,750  ,750 6.800 . I 6  
01 ,751 ,750  6.580  . I5 
CW .75 i  ,751  5,730 . I 6  
,751  ,750  6.070 . I 6  
'r',. 0 
81.U 
75.0 . 66 
68.0 . 6U 
72. 'r 
. 5 1  5 .  L'J ". 
. 7 1  6 .  I I . " 
I , .  00 
I,. u3 




































. I GO 

































S t a t # s t # c s  uf K I C  values (Eq. I O ) :  Mean - 69.17, C . V .  - ,112, 'J5% c u n l .  I l m l t 5 :  GG.6 - 72.9, 'YO% CDnf .  I I m l t s :  67.2 
I FZ ,749 ,751 6 . 4 4 0   . I  79.5 .10 'r. ' l7 ." 
FZ 
FZ  





















. I 5  . I 5  . I 5  . 19 
. I 5  










. 67 5 .  7'1 5.50 











1 FZ ,150  ,750 G;530 . I 5  74.5 .66  6 .26 ." 
S t a t i s t i c s   o f  K i C  value5 (Eq. I O ) :  Mean - 80.75, C . V .  - ,064. 1 5 1  emf. h m i t s :  16.4 - 85.1, Qua c u n f .   h n w t 5 :  77.3 
1 HAZ ,750  ,749 (1.000 . I 0  
HAZ ,751  ,751 5.190 
88.0 . 18 07.0 .76  6.05 .58 6.26 
.62 6.01 
.52 5.84 




.67 5.96 1 HAZ ,750  ,750  61670 . I 5  16.0 -
1 HAZ ,751  ,751 7;500 . I 5  
1 HAZ ,749  ,750 6.  140 
1 HAZ ,751  ,751 5,860 . I 7 0  
05.5  .75 5.75 
76.5 .66 5.62 ". 
72.0 .63 6.12 
." 
. I 7  
." 
Statistics Of K I C  values (Eq. 101: Mean - 74.41, C . V .  - ,137. 95% Conf.   l im8ts: 67.6 - 81.2, 90% conl. l i m # t a :  (r8.9 
1 00 ,750  ,75 5,440 
1 
1 
1 OB ,751 .750 5,330 . 16 
1 00 ,751  ,750  6,600 
. I 5  
00 ,750 ,751 5,010 
62.0 
. l l  
D0 ,751  ,751  5,020 . 16 61.5 59.5 
63.5 . I 5  
0 0  ,150  .750 6.080 
76.0 
. I3  72.0 
.55 6.U2 
.54 (1.06 





.65 5. 70 - 
1 00 .749  .749 6;OlO . 16 
1 00 ,751  .749 6,580 
72.0 





" _  
." 
S t a t i s t i c s  of K I C  values IEq. IO) :  Mean - 66.94, C . V .  - ,091. 955 conf. h m i t s :  61.9 - 72.0, 901 conf .   l im i ts :  62.9 
14 
TABLE  6.  FRACTURE TOUSHNESS  T TS OF PLATE NO. 5, 250 KSI GRADE OF MARAGING  STEEL, M I G  WELD. 
Base Metal: 18 Ni(250)   maraging  s tee l   p la te  3 /4  inch  th ick,   heat  No. X14636, a i r   me l ted .  M i l l  annealed, aged a f t e r  welding-915'F, 4 hrs, a i r  c o o l ,  
y ie ld  s t reng ths :  263,000 psi  I I  t o  R. 0 . ;  248,000 ps i  1 t o  R.O. 
Weld: Mig  weld by Excelco  Developments  Inc. 
Notch  Condition:  Machined  V-notch  extended by fa t i gue  c rack ,  a l l  no tches  pa ra l l e l  t o  p la te  su r face .  
Test  Condi t ions:  Bar  bending  length was 6.00  inches, t e s t s  were conducted a t  room temperature. 
Bar No. 
5-  4 
5- I 




5- I 3  











I I-AA- I 
I I-AA- 4 
I I-AA- 6 
I I-AA- 7 
1 I-"IO 
I I-AA- 8 
I I-"I I 
I I - A A - ~ ~  
I I-PA-I6 





I I -AB- 19 
I I -AB20 
I I-AB- 2 
I I-AB-12 
I I-AB-I3 
Bar  Length 
Re la ted  
t o   P l a t e  
Rol I i ng Notch 









































































S t a t i s t i c s  o f  K l c  v a l u e s  (Eq. IO): 
I I  
I I  
cw .750  .750 
cw 
I I  
.749  .749 
I I  
cw .750  .750 
cw .749  .750 
I I  cw .750  .750 
I I  cw 
I I  cw 
.750 .751 
I I  
.750  .750 
cw 
I I  cw 
.750 .751 
.751 .751 
S t a t i s t i c s  of K lc   va lues (Eq. I O ) :  
I I  HAZ 
I I  
.750  .751 
HAZ 
I I  HAZ 
.751 .750 
I I  
.750  .750 
HAZ .750 .750 
I I  HAZ 
I I  
.750  .750 
HA2 .750  .750 
I I  HAZ .749 .751 
U n i t  Load 
P/B 
a t  Pop- i n 
( I b - i n )  
IO, 230 
I I, 150 


























. I 3  
. I 4  
. I 4  
. I 3  . 14 
. I 3  
. I 4  
. I 5  
. I4  
. I4  . I 3  
. I 3  
. I 4  
. I 4  
by NRL 





















E f f e c t i v e  a  
B/M t r a n 6 ~ ~ 1 2 -   K l c  by Type of 
Reciprocal  of  Canpliance  Canpliance Load- 





































"_ "_ "_ "_ 
"- "_ "_ "_ 
"- "_ "_ "_ 
"- _" "_ 
"- "_ "_ 
Mean - 77.81, C.V. - .052,  95% conf .   l imi ts :  75.7 - 79.8, 90% COnf. l i m i t s :  76.1 - 79.5. 
6,560 . I 4  
6,810 . I 3  72.0 71.5 .60 5.80 .61 5.80 
6,750 . I 3  70.5 
5,870 
.60 
. I 4  64.5 
5.66 
.54 5.74 
8,200 . I 3  .73 5.58  85.5 
7,150 . I2  71.0 .61 5.47 
7,570 .I2 





6,830 . I 3  71.0 .60 5.52 
5.66 
_" "_ "_ "_ "_ _" "_ "_ "_ 
Mean - 73.50, C.V. - .083, 95% conf. l i m i t s :  68.8 - 78.2, 90% COnf. l i m i t s :  69.7 - 77.3. 
9,770 . I 5  115.0 
9,120 
.93 
. I 5  
5.76 
IM.0 .87  5.64 
8.800 . I 5  
10,300 
100.5 
. I 4  
.84  5.79 
113.0 .95 





. I 5  108.0 . 14 102.5 .90 .86 5.74 5.61 
"_ "_ "_ "_ 
"- "_ "_ 
"_ "_ _" 
"- "_ 
"- "_ "_ "_ "_ "_ _" "_ "_ _" "_ _" _" 






"- "_ "_ 
"- _" 
S t a t i s t i c s   o f   K l c   v a l u e s  (Eq. IO):  Mean - 106.86, C.V. - .051, 95% conf. l i m i t s :  101.8 - 111.9, 90%  conf. l i m i t s :  102.9 - 110.8. 
I I  DB 8,130 . 16 97.0 .80 .750 .751 
OB .750 .749 7,300 . 16 87.0  .72 
5.78 
5.97 
I I  OB .750  .750  9,730 . I 5  I 11.0 .92 5.74 
I I  
"_ _" "_  "_ 
_" "_ 






















TABLE 7. FRALTRE T R M M S S  TESTS ff PLATE W. 6, 250 KS1 W E ,  W MAWGlffi STEEL, M i 0  WELD. 
~ a s e  Meta l :  I0 Nl (250)  m a r a g i n g   s t e e l   p l a t e  314 i n c h   t h i c k ,   h e a t  No. X53013, a i r  melted. M I 1 1  annealed, aged a f t e r  weldlng-915'F. 4 hrs ,  a i r  c m l ,  
y l e l d   s t r e n g t h s :  260,000 PSI  I1 t o  R.D.; 254,000 PSI I t 0  R.D. . -  
Notch  Conditltin:  Machlnsd  V-notch  extended  by  fatlgue crack, a l l  n o t c h e s  p a r a l l e l  t o  p l a t e  s u i f a c s .  
Weld: Mlg  weld  by Excelco Dsvslopmsnts Inc. 
Test   Condit lons:  Bar bendlng  length was 6.00 inches.   tests  were conducted a t  r m  tempwature .  
V1SU.I 1 
F a t l g u e  
Dapth 
Notch 
( i n 1  
.07 
.070 
. I45  
. I65  
.07 . 140 
.07 
. 140 . I 5 0  
. I5  
.I6 
. I 5  
. I 5  . 16 
. I 5  
.I8 
.I8 . I 5  
. I 4  
. I 5  
. I 5  
.I1 



































































Un I t Load 
a t  POp-l" 
( I b - i n 1  
14,mo 
12,230 


























Type o f  
L M d -  



























































































































































6- I I 



















I I-EA- I 
I I-EA- 2 
11-01- 3 
I I-BA- 4 
I I-BA- 5 
I I-BA- 6 
I I-BA- 7 
I I-BA- 8 









I I -EA- 18 
11-BA-19 
I I-SA-20 
I I-BC- 4 
I I-BC- 3 
I I-8C- 5 
11-BC- 6 
I I-BC- 1 
I I-BC- 8 
I I-BC- 9 
11-00- 6 
I 1-80- 1 
11-BD- 8 
11-80-10 




















































































Statistics Of K I C  values (Eq. I O ) :  Mean - 88.64. C . V .  - .065, 951 cont. l i m i t s :  86.4 - 90.9. 90% c o n f .   l i m i t s :  86.8 . 90.5. 
1 
1 
N ,750 .150 6,130 
N ,750 ,750 6,480 
. I 5  70.0 .60 5.62 
1 
. I 5  
CW .150 .151 5,470 
1 01 .751 .751  3,930 
. I 5  62.5 ,54  5.69 
.20 
1 N .751 .150 6,420 
54.5 .46  6.12 
. I 4  
1 01 .751 .150  ,530 
10.3 .61 5.65 "_ 
1 N .751 .750 6,420 
. I5   63 .0  .54  5.82 
. I 4  
1 CW .751  .749  6,520 
10.5 .61 5.68 ." 
1 N .751 .750  5,860 
. I 4  11.5  .62 5.54 
. I 5  
1 dl .151  ,750  8,340 
67.0 .58 5.73 "_ 
1 N ,750 ,751  6,790 
. I3  87.0  .77  5.5  
1 01 .751 ,751 8.310 
. I 4  74.0 .64 5.45 ." . I3 
1 01 ,750  ,75 7,390 
86.5 . 76 5.55 "_ 
1 01 .750  .750 7.570 
. I 5  84.0 5.64 "_ 
. I 4  
.72 
83.0  .72 5.61 "_ 
"_ 







CW .750  .750  7.150 . I 5  81.5  .70 5.81 ." 
CU ,750  ,150 7.110 
1 
. 14 
CU ,750 ,751  8.160 
18.5 .65 5.45 "_ 
1 M ,750 ,751 6.810 
. 13 85.0  .75 5.47 "_ 
1 CW ,750 ,751 6,830 
. I 4  74.0 .65  5.50 "_ 
.I3 
1 CW ,750 ,150 5,410 
71.0 . 63  9.50 ." . I50 
1 CW ,751  ,750  8,920 
62.5 .54 5.84 "_ 
1 01 ,750  ,75 10,610 
,055 57.5 .65 5.00 
,050 
1 
65.5 .71  5.26 " _  
,065 56.5 .60 5.05 ." 
." 
01 ,750  ,751  8.030 




1 F2 ,150  ,749  7,010 
1 FZ ,151 ,750  6 440
1 
1 FZ ,751 .750  9 510
1 FZ .750 ,751  7,530 
1 
F2 ,750 ,751 6,560 , I30  68.5 .60 5.49 "_ 
FZ ,751 ,750  9,610 . 140 
F2 ,150 ,751 6,530 
105.0 .82 5.67 . 185 85.5 .72 6.06 "_ . I35 75.5 .66 5.51 ." . I65 
FZ ,750 ,751 7.560 
18.5 .67 6.01 . I25 75.0 .67 5.48 "_ . 140 104.0 . B I  5.67 . I65 
F2 ,751  ,751  7.120 







































. I3  . I 5  90.5 .80 .79 5.51 5.54 
5.53 
5.40 















. I 4  . I3 
.I3 



























8; 170 . I 5  
.I4 
. I 4  
. I 4  
. I 5  






































." " _  
." 
"_ 






4 . 9 6  
5.15 
S t a t i s t i c s  Of K I C  v a l u e 5  (Eq. 101: Mean - 93.33, C . V .  - .Ma, 959 conf. l i m i t s :  90.8 - 95.8,  90% conf.  
- I OB .750  .750  8,830 . 14 
I - 08 ,750  .750 1,170 
97.0  ,84 5.45 . 14 
I DB .750  .150 1,200 
18.5 .63 5.73 
- . I 5  
I - OB .150  .750 1.010 
82.0 .71 5.63 . 14 
I - DB ,749  ,750 8,970 
11.5  .67 . 14 5.67 
I - DB ,749  .750 8.100 
98.0  .85  5.58 
I - OB ,749 .749  7.880 
. 16 96.5 . 8 2  5.62 
I DB ,749  .750  7.880 
. I5   90 .0  . I 5  .18 - 90.0 .78 5.66 
5.53 
S t a t i s t i c s  Of K l c  values (Eq. IO): Mean - 89.61. C.V. - .m3, 959 conf. l i m i t s :  83.2 - 96.0, 90% conf. l i m i t s :  84.5 - 94.8. 
16 
TABLE 8. FRACNRE TCVGHNESS  TESTS ff PLATE NO. 7, 250 KSI GRADE ff MARAGING  STEEL,  SHCRT ARC  WELD. 
Base Metal: I8 Ni(250)  maraging  steel  plate 314 inch  thick,  heat NO. X53013, a i r  melted. M i l l  annealed, aged a f t e r  velding-915'F, 4 hr5, a i r  c w l ,  
y ie ld strengths:  260,000 psi I I t o  R. D.; 254,000 psi 1 t o  R.D. 
Notch  Condition: Machined  V-notch extended by fatigue crack, a l l  notches p a r a l l e l  t o  p l a t e  surface. 
Weld: Short  arc  weld b y  Excelco Developments Inc. 












































t o   P l a t e  
Rol I ing Notch 
Direct ion  Locat ion 
" 
I I  BM 
I I  BM 
I I  8M 
I I  BM 
I I  BM 
I I  8M 
I I  8M 
I I  BM 
I I  8M 
I I  BM 
I I  8M 
I I  8M 



















Un i t  Load 
PIB 
a t  Pop- i n 


















































S t a t i s t i c s  of Klc values (Eq. 













Stat is t ics  of  KIc  va lues (Eq. 
1 DB . 1 50 








S t a t i s t i c s  of K l c  values (Eq. 











.150  6,190 
4,380 
.751  5,190 
.750 







I O ) :  Mean - 57.99, C.V. 




I O ) :  Mean - 97.33 
,750 8,290 
.750 9.240 
.750 8,170 . 1 50 
.750  8,270 
7,800 
IO):  Mean - 90. I ,  C.V. 


























(1000 ps i I -7  
Equation I O  










































Ef fec t i ve  a 
f ran6~512- 
Canp I i ance 
Curve 
( i n 1  
. I40 . I30 
. I20 . I20 . I IO . I20 





- .043,  95% cont.  l imi ts:  84.8 - 89.3,  90% conf.  l imi ts:  85.2 - 88.9 
. I50 . I20 
. I55 
. I40 
. I55 . I60 
,145 . I50 

































.65  5.07 
.69  5.26 





. I45 . I50 . I25 
M 
.Ob0 
- .148,  95% conf.  Itmits: 52.8 - 63.2,  90% conf.  l imits: 53,4 - 62.2 
. I35 
. I45 
5.84 . I50 
5.63 . 130 . I35 100.0 .87  5.49 . I15 
100.0 .87 
92.0 .80 
. 145 92.5 
. I50 
5.54 . I20 
5.51 
. I40 89.5 
. I15 
. 140 5.57 . I25 5.54 
. I30 86.5  .76 5.55 . 120 . I20 
.83 
96.5 . a5 
.78 
85.5 .74 
- .050, 95% conf. h m t t s :  84.5 - 95.7.  90% conf.  Ilmits: 85.8 - 94.4 
. I40 93.5 .81 5.68 . I35 
.I45 16.0 .60 5.62 
. I40 
. 130 
95.5 .83 5.58 
. I30 87.0 
. I25 
. I35 88.5 .78 .77 5.46 5.49 . I 15 . I 05 
- .086, 95% conf. l im i t s :  78.7 - 91.6,  90% conf.  l imi ts:  80.8 - 95.4 
K l c  by 
Canp I i ance 




















































































M = Missed cal ibrat ion curve 
TCgLE 9. FMCI'LRE-TCUGHNESS TEST5 CF PLATE NO:0, 250 KSI  W E  CF W G l f f i  STEEL, B I G  TIG WELD 
Base M e t a l :  I0 Nl(Z50)   maraging s t n l  p l a t e  3/4 I n c h   t h l c k ,   h e a t  Ib. X53013, a i r  melted.  MI11 annealad, aged a f t e r  w.Idlng-915'F. 4 hrs,  a l r  C m l ,  
y ls ld  strengths:  260,000 PSI I1 t o  R.D.; 254.000 p s i  1 t o  R.D. 
Weld: 'Fig weld (31C-350) anps), 1/4 Inch  tungsten  eIeCtrOdB,  by Excelco Developments Inc. 
Notch  Condltlon:  Hachlnad  V-notch  axtendad  by  fatlgu. crack. a l l  n o t c h e s   p a r a l l e l   t o   p l a t e   s u r f a c e .  






















1 1  















1 1  
I 1  
I1 
1 1  
W .750  .750 0.400 . I40  92.0 .70 5.79 .!30 . I20 
.I25 
. I35 . I25 . I35 
.i30 . I25 . I 35 . I 20 
. I20 . I10 . I25 . I 20 . I00 . I 50 










































BH .750 .751 0,770  .I35 
W .750  .750 9 ; B O  . I40 99.5 .05 
93.5 
5.10 





5.04 m -750 .EO 7.870 - 1 4 5  
k .750 .750 0:IlO . 145 90; 5  .77 5.76 . ~  .~ . .  
BM ;750 .750 0;160 . I45  








Bhl -750 .750 0.480 . I 4 0  93.0 
.0 I 5.74 
.79 5.04 ...  .~ 
BH .750  .750  0,050 . I 3 0  92.5 
BH .150  .750 9,490 . I30  
.OO 5.71 
99.0 .05 5.65 
~~ ~ ~ ~ 
BH . n o  .751 0,mo .14o 
BH .750  .750  0,510 . I 40  93.0 .79 5.71 









h .751 .750  7 160  ,170 80.5 .74 5.90 
. . ~  . . ~. ~ 
BH i751 .750 S i310  . I35  




BH .751 .750 7,990 . I 4 0  
.76 
07.5  .74 
5.74 
5.66 
S t a t i s t i c 5  of KIC values (Eq. IO) :  Mean - 92.60, C.V. - .M3,   951 conf. I l m i t s :  80.0 - 94.6, 90% cunf.  l i m i t s :  91.1 - 94.2 
I l l - 0 A -  I 1 
I l l - 0 A -  2 1 
I l l -BA-  3 1 
I l l -BA-  4 1 
I l l -BA-  5 1 
111-811- 6 1 
I I I-BA- 7 1 
I l l - 0 A -  0 1 
I l l -0A-  9 1 
I l l - 0 A - I O  1 
I l l -BA-11 
I I I-BA-I2 1 
I I I-BA-13 1 
I I I-0A-14 1 
I I I-BA-15 1 
I 1  I-0A-16 1 
I l l -0A-17 1 
I l l -BA-10 1 
I I I-BA-19 1 
I I I-0A-20 1 
1 
s t a t i s t i c s  




































































. I15 08.5 . I 05 76.0 








0 . ou5 86.5 
.035 . I00 u4.5 75.5 . W 5  .@x U3.0 U3.0 . wJ5 u4.5 
. m 5  . 090 06.0 UL.0 . I 05 'Jl.5 . I10 13.0 
.loo U3.0 









. V I  . I30 
. I25  . 125 . I 3 0  . I 30 
.8 I  







. 130 . I30 . 125 . I 4 0  . I 30 . I25  
. I 3 5  . I35 
















.u90 77.0 . I15 9u. 0 
. I15 IC..> 
F 
0 
F . I 20 'JU. U 
of K I c  values (Eq. IO): 
FZ .749 - 
I 11-80- 5 1 
I 11-00- 6 1 
1 1  1-80- 7 1 
111-00- 9 1 
111-00- 0 1 
Ill-00-10 1 
. I 50 76 0 . 140 . I20 Iu4.5 u5.> 
. .. 
.750 9.7GO . I35  





.87 5.50 FZ .147 
ot Ktc values (Eq. IO): S t a t i s t i c s  Mean - 107.29, C.Y. - .154, 95% conf. l i m i t s :  'J2.0 - 122.5, 90% COnf. l i m i t s :  '15.2 - l l 'J.4 
111-88- I 
I 11-88- 2 
1 























5.u5 . I55 . I15 . I 20 
.I25 
























.70 . 96 
-
I 1  i-B0- 4 1 
111-88- 5 1 
111-88- 6 1 
I 11-88. 7 
I I I-B0- 0 
I 11-88- 9 1 
I 11-88-1 I 1 
I 11-88-14 1 
I I I-BB-I3 1 
I 11-00-15 1 
I 11-88-16 1 
I 11-08-17 1 
I 11-08-19 1 
111-00-10 1 
111:08-12 1 
I 11-08-18 1 






. I 50 
. 140 . I 5 0  
. I 40  










, 1 0 5  . I15 













































. 150 . I bo 
. I45  
. I55 
. I35 . 130 









,145 . 150 . I45 . I 4 0  . I 5 0  
. I45  




























, I 30 . I35 . I30 .76 .15 5.65 5.61 7;720 
S t a t i s t i c s  
18 
TABLE IO. FRACTLRE  OUGHNESS  T TS CF PLATE NO. 9, 250 KSI GRADE CF MARAGING  STEEL, M I G  WELD. 
Base Metal: 18 Ni(250)  maraging  steel   p late  3/4  inch  th ick,   heat No. X53013, a i r  melted. M i  I I  annealed, aged by  Excelco  before  welding, 
aged a f t e r  welding-915'F. 4 hrs, a i r  cool ,  y ie ld strengths:  260,000 ps i  I I  t o  R.D.; 254,000 ps i  1 t o  R.D. 
Weld: Mig  weld by Excelco  Developments  Inc. 
Notch  Condition:  Machined  V-notch  extended by f a t i g u e  crack, a l l  notches p a r a l l e l  t o  p l a t e  s u r f a c e .  
Test  Conditions:  Bar  bending  length was 6.00 inches, t e s t s  were conducted a t  r m  temperature. 
Bar No. 
9- I 


















VI-BC-  2 
VI-BC- 4 
VI-BC-  5 
V I  -8D- 2 
VI -ED- 3 
VI-BD- 4 
VI -60- 6 
VI-BC- 6 
v I -8C- 7 
v I -BC- 9 
V I -BO- 8 
VI-@€I 7 
V I  -8D- 9 
VI-BD-IO 
v I -8C: 8 
Bar Length 
Re I ated 
t o   P l a t e  
Rol I ing 
D i r e c t i  on 
I I  
I I  
I I  
I I  
I I  
I1 
I I  
I I  
I I  
I I  
I I  
I I  
I I  
I I  
I I  
I I  
II 
I I  
I1 













































S t a t i s t i c s  of K lc  va lues  (Eq. 
1 
1 















S t a t i s t i c s  of Klc  va lues  (Eq. 
















S t a t i s t i c s  Of K l c  values (Eq. 
Bar U n i t  Load 
d P/0 
Depth a t  Pop-in 
( i n )  ( I b - i n )  
.751  6,600 
.75 I 16,700 
.750 I I, 400 
.751  6,470 
.751 6,500 
.751 7,590 
.75 I 8,520 















.751  ,600 
"




( i n )  
. I60  
.055 
.070 . I75 
. I85  . I50  
. I 7 0  . I35 . 140 . I65 . I25 . 160 . I55 . I65 . I60 . I55 
. I55 
. I50  
. I40  
by NRL 





























































E f f e c t i v e  2 
t r a n 6 ~ ~ 1 2  
Ccmp I i ance 
Curve 
( i n )  
. I55 
M 
M . 190 
. I95  . I60 
. I 2 0  . I65 . I45 . I55 . 120 . I55 . I60 . I50 . I55 . I50  
. I45 . I40 . I20  
C ~ D  I i ance 




















IO): Mean - 83.68, C.V. - .084, 95% conf .   l im i ts :  80.3 - 87.1.  90% conf .   l imi ts :  80.9 - 86.5 




60.0 .52 5.85 . I40  
108.0 .94 5.92 . I50  118.5 61.0 
.747  4,770 . I55 56.0  .48 6.01 . I55 
.750 5,010 . 145 56.0  .48 60.5 5.84 




5.71 . I60 108.0 . I25 59.0 
.750 
.92 5.88 
5,300 . I50 60.5 .52 5.77 . I30  58.0 . I45  107.5 
IO): Mean - 72.71, C.V. - .533,  95% conf .   l im i ts :  50.4 - 95.1,  90% conf.   l imi ts: ,55.0 - 90.5 
.75 I 6,930 
.75 I 9,010 





. I35 . I35 67.0  .59 5.67 . 120  65.0 108.5 
.751  5,820 
.95 5.8 I . I40  . I35 63.5 .55 5.63 
114.5 
.750 6,500 
. I I O  . I60 56.5 
.751 7,920 
77.5 .66 5.82 . I45 88.5 . I35 .76 13.5 5.74 
.75 I 
. 130 
7,100 . I40  77.5 .67 5.64 . I IO 
87.0 
69.0 
IO): Mean - 80.81, c .  v. - .184, 95% conf .   l im i ts :  68.4 - 93.2, 90% conf.   l imi ts:  70.9 - 90.8 
M = Missed ca l i b ra t i on  cu rve  
Type of 
Load- 





















TWLE 11. FRACTlRE T W N E S S  TESTS ff PLATE NO. 10. 250 KSI  WADE ff MARAGING STEEL, B I G  T.IG WELD. 
0ass Metal :  I0 Ni(250) rnarag lng   s tee l   p la te  314 Inch   t h i ck ,   hea t  No. X53013, a l r  malted. Mil l annealed.  aged a f t e r  weldlng-915.F.  4 hrs, a i r  c m l ,  
y i e l d  s t r e n g t h s :  260,oW p s i  I1 t o  R.D.; 254,000 p s i  1 t o  R.D. 
WtCh  Candlt lon:  Machined  V-notch  extended  by  fat igue crack, a l l  n o t c h e s  p a r a l l e l  t o  p l a t e  SurfaCB. 
Weld: Tlg  weld  (310-350  anps),  1/4  Inch  Tungsten  electrode,  by  Electrode  Developments  Inc. 

















.. 230 ,210 
,240 . 165 . I55  . I60 . I 5 0  . I 5 0  . I55  . I 5 0  . I55  
E f f e c t i v e  4 
f r m  6 w 2  
c m p  I i a w e  
Curve 





WI d t h  
Bar 














































IO) :  Mean 
-
K I ~  by 
conp I I ance 
( IM~O p s i i X  
Method 
U n i t  Load 
P/B 
a t  Pop-ln 




Spr1 "9 con5tant 
Rec ip roca l  ot 















































































t o   P l a t e  
Dlr .ct lon  Locat lo" 























I I I-"IO 
Ill-," 9 
Ill-"11 
I I I-"I2 
I l l - M - 1 3  
I I I-"14 
I I I-AA-15 
I I I-"16 
I I I-AA-18 
ill-"11 
I I I-AC- 1 
I l l -AA-19 
I I I-AC- 0 
I I I-AC- 9 
I l l - A C - I C  
I I I-AC- 3 
I I I-AC- 4 
I I I-AC- 6 
I I I-AC- 5 
I I I-AD- 4 
I I I-AD- 1 
I I I-AD- 8 
I I I -AD- 9 
I I I-AD10 
I I I-AB- I 
I I I-AB- 5 
I l l - A B -  7 
I I I-AB- 9 
I l l -AB- IO  
I l l - A B - I 1  
I l l -AB-13  
I l l - A B - I 5  
I l l - A B - I 8  
I l l -AB-19 
I I I-AB-20 
I I I - A D -  5 
I I I-AB- 2 
I I I-AB- 3 
I I I-AB- 6 
I I i-AB- 4 
I I I-AB- 8 
I l l - A B - I 2  
I I I -AB- 14 
I l l -AB-16  
I I I-AD- 6 






































































































, I50  
,145 
. I50 . I30  








85.53, C . " .  
88.5 . I 6  
18.5 .61 











,190 105.0 .81 6.29 
.89 
100.0 .82 
, 165 . I85 
,180 
,205 
. I 45  . 125 
. 125 
. 150 
. I30 . I 30 
. I15 . I20  . I25 




















. 120 . I50  101.5 121.0 . 90 1.06 5.89 5.61 . I20  98.0 .86 
,135 99.5 .85 5.74 
5.65 







. I35 . I 30 100.0 106.5 .e5 . I15 94.5 .91 .83 . I25 98.5 . I35 .85 123.5 
. I25 
1.05 
























I1 CW ,751 
1 1  CW .149 
I1 cw .751 





,750 I 1  CW ,751 
I1 CW ,750 
S t a t i s t i c s  of K I C  values (Eq. 
I1 FZ ,750 
1 1  FZ .750 
I1  FZ ,750 
I1 F2 .751 










1W.23, C . V .  
10.930 
.W4,  95% conf.  h m i t s :  'J9.4 - ICn.1, '10% Conf .  l n m l t 5 :  IW.2  - IW.2 
. I 5 0  124.5 . 140 I .05 128.5 5.73 . I55  142.U I. 19 1 . 0 9  5.64 
,145 
5.65 
. I70  102.5 .81 5.71 121.0 1.01 6.08 
. 150 
. I20 . 140 . I25 . I65 








I1  FZ ,751 
I1 FZ .751 
I1 FZ ,750 
1 1  FZ ,751 











120.44, C . V .  - ,118. 95s cunf. I sm i t$ :  110.7 - 131.2, 90% c u n f .  h m i t s :  1 1 1 . 1  - 121.2 
I1 
I1 





1 1  
I1 







































. I40  . I 30 . I25 . I15 . I 2 0  . I30 . I30  . I15 . I 3 0  . I30 
. I25 . I50  





































, I55  
. I 00 






124.5 I .Ol 
1.33 










. I I O  






134.5 . 1 50 











IO):  Mean 
106.5 . I35 
S t a t i s t i c s  o f  K I C  values (Eq. 
I 1  OB .749 
1 1  QB ,749 
1 1  08 ,750 
I1 OB .149 
I1 OB .150 
1 1  OB ,750 
I1 OB .149 
I1 D0 .149 
1 1  DB .750 
I1 DB .150 
Statistics of K I c  value5 (Eq .  
128.38. C . V .  - , 1 1 3 .  95%  conf .   l im i ts :  119.2 - 137.6, 90% c o o f .  l i m i t s :  120.9 - 135.9 
12,550 . I35  135.0 
10,510 
8.960 















. I LC 
6.02 . I 5 5  
5.66 . I20 
5.59 . I10 
1;llD . I65 
I 1,520 . 140 95.0 .19 
12,210 
126.5 1.09 . 140 
8,950 
135.0 . 165 I. 15 
12.550 
109.0 .91 
. I25 129.0 I. 12 
12:690 . I30  132.5 I. 15 133.0 
130.5 9;550 . I80 123.0 I .02  6.22 . I 7 5  
121.10, C . Y .  - ,110, 95%  conf. h m t s :  111.6 - 130.6, 90% conf.  l i m i t s :  113.4 - 128.8 
TABLE  12. FR CTURE  TOUGHNESS  T TS CF PLATE NO. 1 1 ,  250 KSI GRADE OF MARAGING  STEEL,  SHORT  ARC  WELD. 
Base Metal: 18 Ni (250)  marag ing   s tee l   p la te   3 /4   inch   th ick ,   heat  No. X53013, a i r  me l ted ,  Mi I I annealed, aged a f t e r  welding-915'F, 4 hrs, a i r  cool, 
y ie ld   s t rengths :  260,000 ps i  I I  t o  R.D.; 254,000 ps i  1 t o  R.D. 
Notch  Condition:  Machined  V-notch  extended by ta t i gue   c rack ,   a l l   no tches   pa ra l l e l   t o   p la te   Su r face .  
Weld: Short  arc  weld by Excelco  Developments  Inc. 
Test  Condit ions:  Bar  bending  length was 6.00 inches, t e s t s  were conducted a t  r m  temperature. 
Bar NO. 
1 1 -  I 
I I -  3 
1 1 -  5 
I I -  9 



































Bar  Length 
Related 
t o   P l a t e  
Rol I ing 















































S t a t i s t i c s  of Klc  va lues  (Eq.  IO): 
I I  cw .750 
I I  cw 









I I  




I I  cw 
.750 
.750 
I I  cw ,751 
II cw 
I I  cw 
.750 
I I  
.750 
cw 
I I  cw 
,750 
.749 
S t a t i s t i c s  o f  K l c  v a l u e s  (Eq. I O ) :  
I I  HAZ ,750 
I I  




I I  
,751 
HAZ 
I I  HAZ 
.749 
,750 
I I  





I I  HAZ 
I I  
.751 






I I  HAZ 
.749 
I I  HAZ 
,750 
.750 



















Visual  2 
U n i t  Load Notch 
a t  Pop- i n Depth 
( I b - i n )  ( i n )  
P/B Fat igue 
" 
10,910 .070 
IO, 720 .070 
10,720 
7,440 






. I45  
7,230 . I55 
7,600 . I50  
7,710 
7,250 
. I60  . I50  
8,530 . I35 
7,320 . I45 
by NRL 
(1000 p s i I - 5  
Equation I O  






























Reciprocal  of 
( in2 / lb ) (10-6)  













E f f e c t i v e  a 
frm'YS/2- K l c  by 
Cmp I i ance 
Method 
( I ODD psi%) 
Canp I i ance 
Curve 
( i n )  
"_ "_ "_ "_ "_ 
"_ "_ "_ "_ "_ "_ "_ "_ 
Mean - 83.07, C.V. - .064,  95% con t .  l im i t s :  79.9 - 86.3,  90% cont. l imits: 80.5 - 85.7 
.150 5,600 . I5  64.0 
.750 6,920 . Id  .64  5.80 .54 76.0 6.04 
.750 6,670 
.750 
. I 4  73.0 













6,430 . I 3  67.5 .58 







89.0  .76 
7,200 
5.58 
. I 4  79.0  .67 
.750 10,030 
5.65 
.055 65.0 .72 







.070 59.5 .61 5.20 
"_ "_ "_ "_ 
"- "_ "_ "_ _" "_ "_ "_ "_ 
Mean - 69.58, C.V .  - .118, 95%  conf.  l imits: 64.6 - 74.5, 90% cont .   l imi ts :  65.5 - 73.6 
.751 11,330 
.75 I 
. I: 112.5 .99 5.61 
9,210 . 13 96.5 .83 5.65 
.744 IO, 650 . I 1  102.5 .92 5.70 
.750 Il.ll0 
.750  9,200 
. I 2  110.5 .97 5.54 . 14 
.749 
100.5 
9,170 . I 4  100.5 
.86 5.58 
.86 
.750 10.960 . I 4  131.0 I .02 
5.59 
.75 I 9,920 . I 4  108.5 .92 5.66 
5.64 
.750 IO, 650 . I 4  
.751 
117.0 






.060  92.0 .99 
13,760 
5.12 
.065  97.0 1.01 
.75 I 
5.15 
13,960 .060  94.0 1.01 5. I I 
"_ "_ "_ "_ "_ "_ _" "_ "_ "_ "_ "_ "_ 
Mean - 164.65, C . V .  - JO5, 95% cont.   l imi ts:  98.0 - 111.3, 90% conf .   l imi ts :  99.3 - 110.1 
"_ "_ "_ "_ "_ "_ "_ "_ "_ "_ "_ "_ "_ 
"- "_ "_ "_ "_ "_ "_ "_ "_ "_ "_ "_ "_ 
"_ "_ "_ "_ "_ "_ "_ "_ "_ "_ "_ 
"- 
"_ 
Type o f  
Load- 









































VlS"Dl  a 
0 d P I0  Fat igue  K I C  K1C Type.ot 
E f f e c t l v e  1 
f T a r  6 5 / 2  
Bar 0ar U n i t  Load W c h  by H(L 
B/H 
R.clpr0c.31 of Ccmpllanca  Campll ncs  Load- 
Y ld th  Depth at  Pop-In  De th  Equa lon 10 4nm Spr  ng  ConSt nt Curve 
( I n )  ( I n )  ( I b - I n )  ( I n )  ( l C O 3 p S l ~  E (In'/lb)(lO- 1 ( I n )  < l ~ ~ ~ ~ ~  Curve 
D s f l r c t i o n  
"
.751  .751 9.090 .205 128.0 I .20 6.50 . 203 135.5 E 
.750 .751 9.120 .210 131.0 F 
.751  .750 8,680 .215 
1.23 6.57 .205 IyI.0 
120.0 6.61 .2IO 133.0 E 
.750  .750 9.330 .200 
I. 19 
129.0 F 
.750 .751  8.370 .220 
1.21 6.47' .200 139.0 
125.0 1.17 . u 5  133.5 F 
.751  .751  9.590 .205 
6.92 
135.5 E 
.750  .750 11.410 .I70 141.0 








I. 18 6.63 
152.0 
F 
.751 .751 11,320 .I75 142.5 
.2IO 131.5 
1 . 3  6.01 . 165 151.0 E 
.750  .750 7.330  .245  120.0 I. 13 F 





.750  .750 9.070 .210 
6.59 .205 158.5 
130.5 1 . 2 2  6.67 E 





.750  .751  8.690  .215 121.5 I. 19 
6.88 .225 135.5 
F 
.750  .750 9,070 .205 128.5 
6.54 .205 
I .20 (1.37 
131.5 
E 





.750  .750 8.800 .205  124.5 I. 17 6.42 
,210 135.5 
E 





.750 .751  8.350 . U O  
6.57 
129.0 I .22 
.205  135.0 
F 
.750  ,750 9.200 .2IO 
6.80 .220 131.5 
132.5 1.24 F 





.750  ,751 9.070 .215 133.0 
.205 136.5 
1.25 E 







.750 .751  9,0 0 .Z IO 130.5  1.22 
.205  133.0 
6.49 F 
.750 .750 10.000 .I90 
. 2w 
133.5 1.26 6.28 .I85 142.5 E 
135.9 
0ar Lsngth 
Ra la ted  



















































































X I  I-AA- 3 
XII-AA- 4 
XII-AA-  5 
XII-AA- 6 
XII-AA-  7 
X I  I-AA- 8 











XI  I-AA-20 
X I I-AC- 3 
XII-AC- 5 
XII-AC- 4 
XI  I-AC- 6 





XI  I-" 8 
XII-AD- 8 
XI I-AD- 9 
XII-AD-IO 
XI I-AB- 3 
XI  I-AB- 4 
XII-AB- 9 







XI I-AB- 5 
XII-AB- 6 
XII-AB-  7 
XI I - A B -  8 
XII-AB-I2 
XII-AB-I1 
































































































































































.220 . 200 








. Z I O  












































.750 9,ZUU .1'10 
.751 5,500 ,260 
123.5 
76.5 


















.750 ,150 6,830 .250 
,750 'J,GUO ,195 132.0 
114.0 
,751 7.120 .250 119.0 
,751 6.130 .290 118.0 
.750 G.650 ,250 I 11.0 
.751  7.720 ,240 124.5 
,7411 1.210 .240 11G.O 
.749 7.180 ,240 
.749  7.120  ,245 121.5 
115.5 
,750 5,890 ,320 
117.0 
127.5 
Mean - 120.42, C.V. - .O>O, 955 cont. l i m i t s :  
.751 8.680 .210 125.0 
.750  n.630 .21o 124.5 
































9. I I ". 















116.8 - 124.1. 90% conf. l i m i t s :  117.5 - 123.11. 
I. 15 
I. 14 
I. I 3  
I. 12 
1.15 
1 . 1 1  
















































1.05 E I1 





























.235 121.5 I. 12 7.09 ,230 
1.17 














































2 2 0  


















. 2 0  















































XI  I-BA- 4 
X I I-BA- 5 
XI I-BA- 6 
X I  I-8A- 0 







X l I -8A- I5  
XlI-8A-16 
XII-CIA-I8 
Xl I -BA- I7  
Xl"6A-19 
X I I -8A-20 
X11-8C- 2 
XII-BC- 3 
XI I -0c-  5 
XII-8C- 4 
x I I-BC- 7 
XII-0C- 6 
x11-0c- 8 





X I  I-80- 7 
X I  1-00- 8 
X I  1 - 0 0 -  9 
X I I - 0 8 -  I 
X I  1-00- 3 
Xll-80- 2 
X U - 8 0 -  6 
XII-08- 7 
XII -88-  9 
X I  1-08-1 I 
X I I - 0 a - I 2  
Xli-08-13 
XII-08-16 
x I 1-88-10 
X I  1-88- 4 ... ..
XII-80- 5 
XII-88- 0 




X l I -%- I9  
x I 1-88-20 
0ar Length 
Re la ted  
to Plat.  
Rol IIng 





























































Y Id th  











































































,150 . 750 











Un I t Load 
PI0 


































( I " )  
























































x 6 "m? 

























1 . 0 9  



































. I95  . I75 
.ZO5 . I75 
,195 
. I95  
.I90 . I90 















,200 . 190 
,240 
120.46. C . V .  - ,041, 95% rvnt .  h m i t s :  118.6 - 122.4. 90% COnt. l i m l t l :  118.9 - 122.0 
5,840 ,210 
6.710 . Z A O  
1,530  ,255 
1,010 ,215 
7,330 ,210 
1,200  ,225 
104.5 1.00 1.75 ,245 
-1.02 1.39 ,225 
119.0 I. I 2  







.99 6.46 . I10 
109.5 1.03 
120.0 I. 12 
6.73 . I90 
6.80  ,195 
118.0 I. I O  6.80 . 195 
10.0 
n,ow ,220 
7 . n m  .220 
6;690 ,240 101.5 1. 15 ,215 
6.310 .235 
I .02 
100.5 .95 6.98 
8,450 .225  129.0 1.21  6.74 
,205 
7,680  ,225 111.0 
. IYO 
7.130 .240 
1 . 0 9  6.69  ,185 
114.5 1 . 0 9  6.80 ,115 
6.620 ,240 
~ 


























1 m . 5  

































1.06  6.70 
,255 . I90  
FZ 
FZ 












































































. I95  
,205 
S t a t i s t i c s  Of K1c va lues (Eq. I O ) :  Mean - 126.56, C.V. - ,095. 95% conf. l i m t s :  117.4 - 135.8. 9 0 1  Conf. l imi ts :  119.1 - 134.0 
1 HAZ .150 ,750 7.920 ,200 
HAZ ,749 .750 8.010 ,220 111.5 1 . 0 4  6.49 . 180 
1 HAZ .750 ,750  0.105  ,210 
IlO.0 1.01 6.53 . 180 
1 HAZ .750 ,750 7,920 ,210 
118.0 1 . 1 1  6.55 . 180 
1 HAZ .150 ,749 6,775 .235 
114.0 1.07  6.56 . 180 
1 HA2 .751 .751 8,735 .PO5 
107.5 1.01 7.67 .245 
1 HA2 .750 .151 0.455 .205 
128.0 I. 16  6.28 . I65 
120.0 I. I 2  6.52 . I00 
109.5 1.07  0.50 ,285 
118.5 I. I I 6.29 . I65 
118.5 1.11  7.23 
119.5 
,225 
I. 12 6.58 ,185 
HA2 ,750 .750 5,385 .305 
HAZ .750 ,750 8,695 ,195 
HAL .75l ,750 7.485 ,255 
HA2 .150 ,750 8,585 .ZOO 










































.225 . 190 













1 . 1 1  
I .02 
1 . 1 1  

















,205 . I 70 
,180 . I 60 








































































































































































T m L E  15. FRACTLRE T a M N E S S  TESTS ff PLATE NO. 10, 200 K5I W E  CF M M G I N G  STEEL, M I G  WEUI 
Base Meta l :  I8 NI(200) m a r a g l n g   s t e a l   p l a t 0  5/4 I n c h   t h l c k ,   h e a t  No. 3951217, V ~ C U M  remelted. Mill annsalsd,   aged  af ter   weldlng-915'F.  4 hrs ,  a I r  C m l ,  
y l e l d   s t r e n g t h s :  229,500 PSI  I1 t o  R.D.; 224,9001 t o  R.D. 
Notch Condlt lon:   Machlned  V-notch  extended by f a t l g u e   c r a c k ,  a l l  n o t c h e s  p a r a l l e l  t o  p l a t e  SUrfece. 
Weld:  Wlg  weld by Excalco Dsv.loplenta Inc. 
T e s t   C o n d l t l o n s :  Bar bendlng  length was 6.00 Inches, t e s t s  were conducted a t  r- temperature. 
Vlaual 3 






.210 . 105 







. 200 . 200 . 180 . 165 
. I95  
. 2 w  . 2w 
. I 9 5  
. I90 . I 9 5  
.205 
. I 9 5  
,205 
Ear Length 
Rsl a ted  
t o   P l a t e  
Rol I Ing 






























( 1 0 2 0  p s l m  
Equatlon 10 
K I C  B /M B 













































































U n l t  Load 
PI8 




























a t  Pop-lo 
7.050 




























































.1')5 . 185 





















































































.8 I 6.80 
.05 6.54 
.210 
. 2 0 0  
. 2 w  








,215 . I 70 




.200 . I95 
,200 
,220 






S t a t i S t i c S  of K l c  value5 (Eq. IO) :  Mean - 95.29, C.Y. 
X I I I -AA-  I I1 CW .750  .750 5,440 
X I  I I-AA- 2 I 1  
X I  I I-AA- 3 1 1  
CW .750  .750 5,WO 
X I  I I-AA- 4 
M .750  .750  5,760 
1 1  
XI I I -&A-  5 
CW .750  .750 4.530 
1 1  CW .750  .750  4.110 
X I I I - M -  6 I1 
XI I I -AA-  7 I1 
X I  I I-AA- 8 I1 
X I  I I-AA- 9 
CW .750 .750 5,250 
I1 CW .750 .75U 4.610 
M .750 .750 5,830 
cw .750 .750 4.840 














1 U . U  
. G5 G . 4 6  
.a c.48 












































. .  
.56 
. G I  G .  7') 
6.51 
.215 . 2w . I90 
.2IO 
. I85  
.zoo 








XII I -" IO I1 
X I  I I-"I I 
CW .742 .750 6.000 
I1 
Y 1 1 1 - A A - 1 7  
CW .751 .750 4.730 

















6 .  69 
73.9, 90% c m f .   l i m i t s :  G7.'J - 
, . . . . . . . .  
X I  I I-AA-13 1 1  
XII I -AA-14 
CW .750 .750 5;250 
I1 CW .751 .75U 4,860 
XI I I -AA-15  I1 
XI I I -AA-16  
01 .751  .751 5,220 
1 1  
XI I I -AA-17  
01 .751 .750  4.U70 
I1 CW .750  .750 5,200 
x I I I -AA-18  I 1  
X I  I I-AA-19 I1 CW .750  .750 5,150 
M .750 .751  5, 10 
. I 9 5  . IS5 























. 2 w  













X I  I I-AC- 3 1 1  FZ .750 ,749 7,150 
X I  I I-AC- 4 1 1  FZ .750  .750 8.5CO 
X I  I I-AC- 5 I1 
XI I I -AC-  6 
FZ .750  .750  8,240 
I1 
X I  I I-AC- 7 
F 2  .750  .750 6,030 
I1 
X I  I I-AD- 4 
FZ .750  .750  8,750 
I1 
X I  I I-AD- 5 
FZ .750  .750 5.680 
II 
X I  I I-AD- 6 
FZ .750  .750  9,040 
I1 
XI I I -AD-  7 
FZ .750 . 7 5 1  6 , G l O  
I1 
X I  I I-AD- 8 
FZ .750  .749 5.U90 
I1 
XI I I -AD-  9 
FZ .750  .750  8.850 
I1 F Z  .750 ,751 9,470 
1.02 L.83 
I. IU C .  70 
I. I 9  L. 'JU 
1-07 7.u7 
1.20 6 .  57 
1.21 








.275 I 2U. 5 
.3lO 123.0 
.225 135.0 
.215  139.0 
. l O l ,  95% 






























114.3  - 131.U, 
I. I G  
I. I 2  
I .03 . 96 
.92 
1.01 
1 . 0 0  
.96 
.91 





































X I I I-AC- 8 I1 
X I  I I-AC- 9 I1 
XI I I -AB-  I 1 1  
Y I I I - A R -  2 
HA2 .750 .750 9.120 
HA2 .750 .751 J.290 
HAZ .750 .750 6.370 
HAZ .750  .750  8,850 
. . . . . - -
X I  I I-AB- 4 
X I  I I-AB- 3 
X I  11"- 5 
X I  I I-AB- 6 
X I  I I-AB- 7 
X I  I I-AB- 8 
XI I I -AB- IO  
X I  I I-AB-1 I 
Xlll-A€l-l4 
Xl l l -AB-17  
























































.210 . I90 
.215 6.89 
S t a t i s t i c s  of K I C  values (Eq. IO): ~ e a n  - 107.37, C.Y. - .m4, 95% cant.  l i m i t s :  101.8 - 112.9, 902 c o n f .   l i m i t s :  102.3~ - 1 1 1 . ' ~  
X I  I I - A B -  9 
X I  I I-AB-I2 
X I I I - A 8 - 1 3  
X l I I - A B - 1 5  
XI I I -AB-16 
X I I I -AB-19  











































































S t a t i s t i c s   o f  K l c  values (Eq. IO): Mean - 100.57, C.V. - .034, 95% cod. l i m i t s :  97.4 - 103.8, 90% conf. l i m i t s :  98.0 - 1 0 3 . 1  
24 
TABLE 16. FMM TMHNESS TESTS a PUTE NO. 19, 200 KSI W E  a HUIAGING STEEL, H I G  WELD 
Ease Metal:  18 NI(200)  msraglng Steel plat.  3/4 loch  th lck ,   heat  NO. 3960919. V a S u M  remelted. H I 1 1  annealad, aged a f t e r  roldlng-915'F. 4 hrs, alr  cool, 
y leld  strengths:  233,000 PSI I 1  t o  R.O.; 228.503 psl 1 to R.D. 
VlsUal 1 





.225 . 220 




. 3 5  
.225 . 140 
.210 
.I45 














Re I atad  
t o  Plllt. 





1 1  
















































































K I ~  by 
h p l l a n c s  
Method 















































U n l t  Load 
P/E 
at pop-1 " 























































































































1 . 0 9  
1.32 








1 . 1 1  
1.15 




















































































5.96 . I 2 0  





































A l l - E A -  5 
XI I I-EA- 6 
X I  I I-EA- 7 
XIII-EA- 8 
XI I I-BA- 9 
XlII-EA-IO 
XI I I -0A i - l I  
























































. l 5 l  
.150 












4 ,  IUO 
4.070 




4 . 4 0 0  
d ,730 






















































.65 . 62 . L3 





. 5 ' )  














6 . m  
,,.U6 
6.81 
(1 .1 ;  
6.U7 
r,. 64 
7. I S  
7.07 
. IU9  . IU5 
,205 
, 2 0 0  . 2w 
,200 . IUO . IUO 
,230 
,210 . IUO . I70  . 195 
. 1'15 . 1'15 
. 195 , I '10 
. I O 9  
,115 
,210 
S t a t i s t i c s  of K I C  va lues IEq. 10): Mean - 62.03, C . V .  - ,061, 'J5S c a n f .  l im l ts :  60.3 - 63.U. ',OS cunf. l i m i t s :  60.6 - (A.5 




XI I I-0C- 6 
X I  I I-0c- 7 
X I  I I-EC- 9 
X I I I - E O -  2 
XIII-EO- 3 
XI  11-00- 4 






















1 . 0 3  
I. I 6  
1.32 
I .30 























. 2 w  
.230 
,200 























. I '10 . IUO . I65 
,210 
























S t a t i s t i c s  uf K l C  v d l ~ e s  (Eq. IO ) :  Hsan - 125.96. C . Y .  - .Ob5, 95% c a n f .  I imltD: 120.4 - 131.5. 10% cont. l i m i t s :  121.5 - 130.4 






































































. I10 . I15 . 110 







X l I I - s o - I O  
XI  11-00-1 I 
X l l l -88-17  















.750 E;950 1.15 6.66 . 185 
StatlStlcs of K l c  YOIUBS (Eq. IO): Mean - 123.20, C.V. - .063, 951 conf. limits: 117.7 - 128.7, ',OS conf .  l im i ts :  118.7 - 127.7 
XI11-08- 2 
Xl11-00- 4 






X l l l -08-16  
x I 11-08-20 
X I I I-EC- 6 
XI  11-00- 7 






























































































.I95 . I90 
.210 . I90  
,205 
0,930 














S t a t i s t i c s  of K I C  v a l u ~ s  (Eq. IO): Mean - 114.46. C.V. - .059.  '151 conf.  Ilmlts: 110.4 - 110.5, 90s conf. I lml ts :  1 1 1 . 1  - 117.8 
I 
TMLE 11. FRACTlRE TOUMNESS TESTS CF PLATE NO. 20, 200 KSI W E  ff M G I H G  STEEL, SHCUT M C  HELD 
Base Metal: 10 HI12001  maraglng  steel  plate 314 Inch th lck ,  haat  b. 3951215, vacum r-lted. M I 1 1  annealed,  aged a f t o r  weldlng-915*F, 4 hrs. a l r  cml. 
yield strengths: 225.200 PSI I1 t o  R.D.; 228,400 PSI 1 to  R.D. 
HotCh Condltion:  Machlnsd  V-notch &ended by fatlgu. crack, a l l  n o t c h e s  p a r a l l e l  t o  plat. surface. 
Test Coeditlons: Ear bandlng length was 6.00 Inches, t a r t s  were conducted at ro(lll temparatur.. 
Held:  Short arc weld by b c . 1 ~ 0  DN.lopants In=. 
Ear Length 
Re I ated 
t o   P l a t e  
Rol I I ng 
Dlrsctlon 
2c- I 
Z c -  2 
2c- 3 
20- 4 
















BH .750 .150 9.110 .210 
W .149 .750 8.010 .210 
W .150 .150 9.010 .210 
BH .150 .149 9,240 .2OO 
BH .150 .749 0,850 .205 
BH .150 .751 8.530 .215 
BH .150 .151 0,MO . Z I O  
BH .150 .149 0,960 .210 
Bil .150 .150 9,010 .215 
BH .750 .150 9,330 ,210 
BH .150 .150 9.040 .205 
BM .150 .150 0.110 .215 
BH ,750 .151 9,330 .2IO 
BH .750 .150 0.8W .215 
EU .150 .150 1,040 .210 
BH .150 .750 1,600 .210 
BM .150 .150 8.190 .205 
BH .150 .150 8.003 .205 
132.0 
121.0 
I .25 6.65 . 185  132.5 
I .20 
130.5 
6.67 .I90 129.0 
1.24  6.62 . I85 131.0 
128.5 1 . 2 2  6.51 .I80 132.0 
126.0 
125.0 
I. 19 6.66 . I90 129.5 
I. 19 6.81 .zoo 120.0 
124.0 I. I0 6.11 . I90 126.5 
123.5 1.10 1.7.1 .220 121.5 
129.5 1 . 2 3  6.80 . 200 134.5 
133.5 1.21 6.82 ,200 
135.0 
136.0 
I .20 6.16 .I95 131.0 
134.5 1.21 6.62 . I05 135.0 
120.0 1.22 6.50 . I 1 5  121.0 
129.5 1 . 2 3  6.63 ,185  121.0 
134.0 
129.5 
1.21 6.66 .I90 136.5 
1 . 2  
113.0 
6.76 . I95 131.0 
I .Ol 6.78 ,195 116.5 
109.5 1 . 0 2  6.69 . I90 111.0 
116.0 1.10 6.54 .I00 117.0 
113.0 1.07 6.59 .I80 114.0 
w .EO 1,710 .240 





















1 1  
I 1  
I1 
I1 










X I V - M -  1 













.151 3,930 ,220 
,750 4,030 .240 65.0 .61 1.48 .235 
.150 4,210 ,230 
50.5 .55 1.00 
65.5 
.2IO 
.151 3,110  .215 
. b l  1.01 .215 
61.5 
.150  .210 .230 
.64 8.09 


























.151 2;990 .340 69.0 . 10 M 
.745 4,310 . Z O O  
.150 6,803 .3M 
.150 6,450 .3U5 
.150 3,980 .290 
.750 2,830 .300 
.150 4,600 .230 
.149 5,440 ,170 
.150 4.930 . I65 
61.0 
1o.m 
.51 1.02 .210 
136.0 I .32 8.26 ,275 
131.0 1.20 8.53 ,290 
71.0 
56.5 
.74 U.32 .2no 
.55 0.45 





.51 6. I I 
. I60 
,145 



































.150 10,550 .2W 
.150 11.010 ,190 
.149 ll,G80 .I80 
.15u 9.35u .2u5 




152.0 1.24 (1.39 . IU5 





.150 .151 4.990 .225 
~ ~ .  






















.150 8,000 .235 140.5 1.32 1.05 
.750 10,240 . Z I O  












Mean - 133.94, C.Y.  - .I82,  951 conf. l i m i t s :  113.6 - 154.3, 90% conf. l i m i t s :  117.6 - 150.2 
XIV-AB- 3 
X IV-AD-  6 
XIV-AD- 1 
XIV-AD-  9 









.149 7,980 .250 133.5 I .26 1.30 .230 
.751 11.310 ,190 
,750 9,520 ,235 
150.5 
150.5 
1.41 G.36 . I70 
I .42 
.150 11,730 . I85 154.0 
6.91 .205 
,750 I0.0W ,200 
I .45 6.30 
139.0 
. I 65 
I .30 







Mean - 145.33, C.V. - 
,150 6.140 
,054, 951 conf. l im i t s :  131.1 - 153.6, 90% conf. l i m i t s :  I 
.240 111.5 I .05 1.12 
38.9 - 151.8 






































.149 8.220 ,220 
,749 8;280 ,220 124.0 1.16 
123.5  1.16
.149 6 . 3 0  .255 























,210 117.0 1 . 0 9  6.86 
.245 
,235 
101.0 1.01 1.51 




I 11.5 1.05 


















































































1 . 0 8  
Mean - 115.50, C . V .  - .056. 951 conf. l i m i t s :  112.4 - 110.6, 90% conf.  l im i t s :  112.9 - 118.1 
26 
Bar Length 
R e l a t e d  
t o   P l a t .  
Rolling 






























































































XIV-0A-  4 

















XIV-0c-  5 
XIV-0C- 6 
XIV-0c-  7 
XIV-80- 4 
XIV-80-  5 
XIV-00- 6 





XIV-80-  9 
XIV-00- I 
XIV-00- 2 
XIV-00-  4 
XIV-00- 5 
XIV-00- 6 
XIV-00-  7 
XIV-00- 0 
















































































































































1 . 0 2  
1.05 










1 . 0 6  
1.01 
.90 
1 . 0 1  







I. I I 
I. 12 
I. 10 


















































































































I I  
I1 
I1 
I 1  
I1 






















113.04, C.V. - .004, 951 cunt. I l m l t s :  111.9 - 115.0, 901 cunf .  l i m i t s :  112.2 - 115.4 
1 M .751 
1 
1 
1 M .750 
1 M .750 
1 Cd .750 
1 M .747 
011 .751 
CW .750 















































































L ' J 5  
U.4'1 
1.2u 























. 2 l 0  
.225  
. n o  
,215  
.220 
.ZIU . I 'JO 
.215 









































1 M .750 




1 M .750 







S t a t l s t l c s  of K l c  v11Iues (Eq. IO): Mean - 
1 FZ .751 .750 
1 FZ .751 .750 
110.47, E . " .  - . l l 2 .   9 5 1  cont. I l m i t s :  
8,500  .250 143.5 
140.5 10.650 .210 



































Il;mo .175  151;5 
7,970 . I05  130.5 
7,490 . I85  124.5 















.It15 . I75  . I75 
.220 
. 2 w  . I110 . I90 
.750 .750 10;530 i 2 1 0  
11,130 .200 





143.09, C.V. - .070, 9 5 1  cont. I I m l t s :  
0.800 .245 144.5 
136.2 - 151.6, 701 conf. I l m i t s :  137.7 - 150.1 
I .39 7.19 ,235 1 HAZ .750 .751 
1 HAZ .750 .750 
1 HAZ .751 .751 
1 HK? .750 .751 
1 HA2 .751 .751 
7,410 .260 120.5 
11,920 . I90 0,010 .235 126.5 159.0 
10,203 .215 149.5 
141.60, C.V. - .W0, 9 5 1  conf. I l m l t s :  124.3 - 153.9, 901 cont. l i m i t s :  128.3 - 154.9 






1 D0 .751 .750 0,310 .210 120.0 
6.54 
1.14 
. I95 130.0 
F 
1 OB .751 .750 U.360 .220 125.0 




1 00 .751 .75l 'J.160 .215 134.5 
6.76 
1.28 
.210  129.0 
6.53 E 
1 00 .751  .751 u.150 .220 
.200  1B.5 
121.5 I. 16 E 
1 DB .750 .751 7,MO .220 135.0 1.29 
6.64 .205 124.0 
E 
1 DB .751  .751  9,450 .210 136.0 




1 DB .750  .75l u.uu0 .210 
6.46 . I70 130.0 
1.21 E 
1 00 .751  .751 ',,ZIO .210 132.5 1.26 
6.61 . 203 133.5 
E 
1 00 ..750 .751 U.450 .215 
6.56 . I95  136.5 
I. 18 E 
1 DB .750 .750 6,670 .250 103.5 









1 DB .750  .751 0.640 .x0 I2'J.O 1.23 
6.66 .205 131.5 
E 
1 DB .750  .751 SJ.550 .215 
6.75 .210 
125.0 I. I7 6.66 E 
133.0 
1 OB .750 .751 0,z'Ju .23u Izu.0 1.22 6.'JO 
.205 127.5 
E 
1 OB .751 .751 7.U60 .25U  121.5 I. 16 6.90 E 
.220 130.5 
1 DB .751 .750 I1,J'JO .> I5  123.5 1.17 6. L'J 
.220 123.5 
E 
1 DB .750 .751 U.360 .225 127.0 1.21 
.205 127.5 
L.U2 .215 130.5 E 
DB .751 .750 
00 .751  .751 0,770 .205 124.0 
127.5 
124.0 
TWLE 19.  FRACTLRE T W N E S S  TEST5 ff PLATE NO. 22, 200 KSI  W E  ff " A G I N G  STEEL, MIG WELD 
Base * t a l :  18 HI (2W) marag ing   s tee l   p la te   314  Inch   th lck ,   heat  No. 3951215, Vacum  remelted. HI11 annealed,  aged  by Excalco  before r e l d l n g ,  aged a f t e r  
wsldlng"315'F.  4 hrs, a l r  cool, y i e l d  s t r e n g t h s :  225.oo0 p s l  1 1  t o  R.D.; 228,400 p s l  1 t o  R.D. 
Notch  Condi t lon:   Hachlned  V-notch  extended  by  fat lgus Crack, a l l  notches parallel t o  p l a t e  Surface. 
Test  Condl t lons:  Bar  bendlng length was 6.00 Inches, t e s t s  were Conducted a t  r m  tenperature.  
Weld: H l g  weld by Excelco Oevelopnents 1°C. 
E f f e c t l v a  3 
frm by512 
h p l  iance 
Curve 
1 1 " )  
. I 75 . I 65 
. I65  . I 40 . I 55 . I45 
.215 
M 
. I 5 0  . I 70 . I55 




Re I ated 
t o  Plate Bar  Bar U o l t  Load  Notch 
Ro l l l ng   N tch   W ld h   Dep th   a t  Pop-In Depth Eq%?k 10 6nm 
Direction Loca t ion  11" )  ( I n )  ( I b - i n )  (In) ( l o o 0  PSI= 5 
v15"al 1 




Rec lp roca l  of 




















Oef leCt lDn 




























I & .748 .751 51940 82: 0 .17 






















I & .750  ,750  4:940  .210 71.0 .67 
.~~ .~ 
I &4 .750  ,750 4;190  .250  70.0 .66 .~~ .~ 









1 F2  .150 .150 4,880 .ZOO €8.0 6.32 . I 70  68.0 C 
1 
1 FZ .750  .150  9,140 . I95  
1 FZ  .750  .150 7,650 .225 
1 F2 .750 .151  11.330 . I 8 5  148.5 
1 F2 .750 .749 6,720 . 2 W  93.5 .88 
1 F2  .750  .150 10,800 .I90 
1 F2  .750  .750  5,390  ,255 91.5 .81 7.31 ea. 5  E 
F2  .150  .150 6,450  .235 
.63 
102.0 F .96 6.79 . 2 m  
128.5 
97.5 
1.20 F 6.25 
116.5 
. I65 128.0 
1.09 F 6.96 .210 
I .39 
118.5 
E 6. 16 . I55 150.5 
A 6.50 .I80 96.0 
144.0 I .35  F 6. 10 . I 50 
,235 
141.0 
S t a t i s t i c s  at K I C  values (Eq. IO): Mean - 111.56, C.V. - ,250, 95% conf. l i m i t s :  8 8 . 2  - 134.9, 901 conf.  l i m i t s :  92.9 - 130.3 
1 HAZ .750 .151 6,800  ,255 115.5 E 
1 
1 HA2 .750 ,751 8.350  .235 131.5 
1 HAZ .751 .150 8.180 ,225 124.5 1.17 
1 HA2 .751 ,750  9,350  ,215 158.0 
1 HA2 .750 .151  6,450  .265 1.m 
1 HA2 .151  .151 8.680  ,220 129.5 1.21 
1 HA2 .150 .749 8.000  .230 
1 HA2 .750 .751 1,550  ,245 123.0 1.16 7.23 
1 HA2 .749  .151 9,750  . I95 132.5 
1 HA2 .750  .150  8.510  ,220 127.5 
HA2 .149  .152  1.020 .255 118.5 
1.09 7.50 











1.29  6.66 
125.5 
E . I95 
113.5 
139.5 
7.61 E  ,250 
6.73 
103.5 
E .200 131.0 
124.5 I. 17 7.01 E ,215 125.5 
E .230  122.5 
1.24 6.31 E 
I. 19 
, I75 




xv-BE-  9 
xv-80- 13 











I. I I 8.40 




l i m i t s :  121.2 - 129.4 
xv-BE-  4 
xv-BE- 5 
XY-BE- 6 








































































xv-BE- I I 
xv-Be-I2 
xv-BE-14 





.200  114.5 
.275 101.0 
,215 115.0 
.290  106.5 
,250 112.0 
.235 102.5 
.2B5 114.0 1.10 8.12 
.240 111.5 1 . 1 1  7.01 
.300 
.255 





106.0 I .oo 
7.63 
7.39 
- .WO, 95% c o d .  l i m i t s :  111.4 - 116.9, 90% conf. l i m i t s :  111.9 - 116.4 S t a t i s t i c s  of K l c  values (Eq. IO): Mean - 114.15, C.V. 
M = M i s s e d  c a l i b r a t i o n  curve 
28 
I 
TABLE 20. FRACllRE TOUMNESS TESTS ff PLATE NO. 23, 200 KSI W E  CF W G I M  STEEL, BIG  T WELD. 
BaseMetal :  I8 N I ( 2 0 0 )  maraglng s t e e l   p l a t e  3/4 I n c h   t h l c k ,   h e a t  No. 3951215, Y a C U M  r m e l t a d .  M I 1 1  annealed, aged a f t e r  weIding-915'F. 4 h r s ,  a i r  c m l ,  
y l e l d   s t r e n g t h s :  225,200 PSI I1 t o  R.D.; 228.400 PSI 1 t o  R.D. 
WtCh  Ccndtlon:   Hachlned V-notch extended by fatlgue  crack, a l l  notches  para1101 t o  p l a t e  5urfaCe. 
Weld: T I g  weld L31C+350 m p s l ,  1/4 Inch tungsten  e lectrode,   by  Excelco Developments Inc. 
Test   Condlt lons:   Bar  bendlng  length Mas 6.W I n c h e s ,   t e s t s  were conducted a t  rQm t e n p e r a t w e .  
V l s u a l  n Bar Length 
Re I a t e d  
t o   P l a t *  
Ro l l lng  






















WI d t h  
a a r  























M p t h  
a a r  






















U n i t  Load 
P/B 
a t  Pop-l" 























D s f l e c t l u "  





















a a r  'NO. 
23- 9 
23-10 



































































. I05  
. 2 0 0  
. 2 W  
.260 
.205 . I90 
.205 
. I05  . 185 
.205 
. I85  . I90 
. 2 w  . I90 





















.210 125.0 I. 15 6.66 
.230 1m;o I .20 6.02 









. Z I O  
.270 














































130.5 1 . 2 3  
6. 52 
6.87 
.200 127.5  1.20  8.44 










M .751 .751 
M .751 .751 
Cd .751 .751 
.240 104.5 
.220 
1 . 0 0  
110.5 1.03 
7. I 0  
6.72 
.225  112.5  1.07  6.64 
,230 
,205 
. 2 w  . I75 
,200 









CW .751 .750 
~
.200 114.0 1.08 6.34 
M .752 .751 
CW .750 .751 
CW .750 .750 
CW .751 .750 




. 2 w  
1.15  7.53 
124.0 I. In 








',', . 0 
F 






















,205 . IU5 . IL5 
, 2 0 0  
, 2 0 3  




CW .750 .750 
.I .751 .750 
CW .750 .751 






E ~ . 105 13110 1.25 6. 1'1 
1 1  
I1 
I1 















.210 90.0 .05  6.61 
,215 
,195 




. 'Jn 6.27 
.2IO 
119.5 I. 14 G. 44 




J27.  95% conf .   l im i ts :  106.3 - 120.2. 'XIS w n f .  limits: 107.5 113.24, C.V. 
I1 FZ .750 .751 
1 1  F Z  .750 .750 














1 . 3 8  . I75  6.38 151.0 
.260 135.5 
1.50 6.10 
I .28 7.36 
.215 140.5 I .33 . 105 131.0 6.48 1.25 
,215 
6. 17  
145.5 1.39 8. 58 
,200 . IU5 . I uo . I LO 









146 .5  
F 
c 
I1 FZ .751 . I 5 0  
1 1  FZ .750 .751 
I1  F2 .751 .750 
I I  FZ .750 .750 c 
E I1 FZ .751 .751 9 ; 930 
S t a t i s t i c s   o f  K l C  values (Eq. IO): Mean - 142.25, C . Y .  - .073,  95% cod. l i m i t s :  133.6 - 150.9, 70% conf. l i m i t s :  135.3 - 14'1.2 
.250 
. Z I O  
.2IO 
,210 












HAZ .751 .750  8.630  ,240 139.0  1.33  7.16 
,225 
,215 
. 2 l 5  
.2IO 
9.130  .240 146.5 1.41 7.04 
I1 HAZ .750 .751 l0;OOO .220 149.5 
I1 HAZ .749  .751  9,370 .240 
I I  HAZ .751  .751 10.050 .230 
150.5 I .43 
155.5 
I1 HA7 -751  -751 11.160 .210 160.5 
1.42 6.85 
6.90 
I .49  6.01 
1.52 6.49 . I 90 
.215 
,215 
.2 I 5  
.2IO 
. -  . .. . . 
I1 HAZ .750 .751 9.440  .225 143.5 1.36 6.83 
, ~~ 
I1 HAZ .751  .751 9;240 .230 142;5 
I1 HAZ .751 .750 9,920  .225 151.0 
1.36 6.06 








I 1  HAZ .750  .750 10.160 .225 
1.41 6.33 
155.0 
I1 HAZ .751 .751 9,560  .225 145.5 
1.41 6.15 
















S t a t i s t i c s  of K l c  values IEq. 10): Mean - 149.75, C.V. - .O%, 95% conf. l i m i t s :  146.9 - 152.6, 90% conf. l i m i t s :  147.4 - 152.1 
visual 1 Effective 1 
P l 0  Fa t lgus  K l c  
U n l t  Load W c h  by HIL 
a t  Pop-In tmpth Eqvatlon 10 
B/H f rm 6 w 2  Klc  by  Type o f  
Rsclprocsl of Cmpl lancs  CcmpIlanC.  Load- 
( I b - I n 1  ( In1  


































































- 0ar No. - 
24-10 
24-1 I 
24- I 2  
24-13 
24- 14 
24- I 5  











































XV I -AB-20 
XVl-AB- I 
XV I -AB- 2 
XVI-AB- 3 
XVI-AB- 4 
XV I -AB- 7 
XYI-AB-I1 






























.BO . 2m 
.230 
.205 
































































.230 . I95 






.I05 . 185 
.I00 
.260 . I95 . I90 . 105 












































.022, 95% canf.  I lrnlts: 126.9 - 129.6, 90% conf. l lml ts :  127.1 - 129.4 
.205 59.5 .56 6.71 2 0 5  














. I95 56.0 .53 6.53 
. 105 
.2w 56.0 .53 6.75 
.I95 
.205 








b3.0 .71 10.30 
,210 
H . I90 50.0 .48 6.53 . I90 



































1 1  N 
I1 N 
I1 01 
S t a t i s t i c s  of KIc values IEq. 10): Mean - 60.10, C.V. - J54. 955 conf .   l imi ts:  55.8 - 85.8, 90% conf. l i m i t s :  56.7 - Gb.9 
1 1  FZ .750 .751 
I1 FZ . l50 .750 
I1 FZ ,751 750 
1,170 . I85 120.0 1.15  6.42 
8,210 .I85 107.5 
.I85 
1 . 0 5  6.37 
7.510 .220 
.I00 




I1 F2 .750 .750 
I1 FZ .149 .748 
I1 FZ .750 .750 
I1 F2 .750 .751 
S t a t i s t i c s  of K I C  values (Eq. 101: Mean 
8,mo .205 114.5 1 . 0 9  .205 123.5 E 
7.290 .225 
8.70 
7.  13 ,230 121.0 E 
6,930 .240 111.5  1.07 7.20 .235 E 
7.950 .205 112.0 1.07  6.58 . 2 w  119.5 E 
116.5 
111.5 1.06 
112.71, C . Y .  - .OM. 951 cont. l i m i t s :  109.3 - 116.3, 905 conf. I l m i t s :  110.0 - 115.6 
7.310 .240 117.5 I. 12 7.13 .230 
.I85 
.205 . 190 
.210 
.210 









I1 HA2 .750  .750 
I1 HAZ .750 .749 
I1 HA2 .750 .750 
I1 HA2 ,751 .750 
I1 HAZ .749 .750 
I1 HA2 .749 .751 
I1 HAZ .749 .750 
I1 HAZ .150 .750 




0.390 .ZW 116.5 I. I I 6.48 
1.06 
110.0 I. I 2  
8;180 :215 
8 , 2 0 0  .215 
8.730 .203 




I. 14 6.78 
121.5 I. 15 6.56 
105.5 1 . 0 0  6.54 
:o
S t a t i s t i c s  of K I C  values (Eq. 101: Mean 
I1 00 .750  .75























1 . 0 3  6.53 . I95 
6.64 















I1 00 .750 .749 
I1 00 .749 .749 
I1 OB .751 .751 
I1 00 .749 .751 
I1 00 .750 .750 
I1 08 .750 ,750 
I1 00 .749 ,750 
I1 08 .750 .750 
1 1  00 .751 .750 









.99 6.94 . 220 I 11.5 _." .220 
. I95 
.210 . zw 
116.0 
99.5 













S t a t i s i t c s   o f  Ktc values LEq. 101: Mean lC8.82, C.Y. - .063. 951 conf. l i m i t s :  IM.2 - 113.4, 905 conf .   l imi ts:  1 0 5 . 1  - 112.6 
TABLE 22. AVERAGE KI  c FRACTURE  TOUGHNESS IN PLATES  WELDED  BY MCELCO  DEVELOPMENTS I NC. 
I w P 
18 N i  
Stee I 































X530 I3  
X53013 
X530 I3 






39608 I9  
3951215 
,395 I2  I5 
3951215 
Test 
P I a t e  
Nos. 









7, I I 











L i t t l e  TIG 
L i t t l e  TIG 
B i g  TIG 
B i g  TIG 
MI  G 
MI  G 
M I G  on heat 
t r e a t e d  on p l a t e  
Short Arc 
Short Arc 
L i t t l e  TIG 
L i t t l e  TIG 
B i g  TIG 
B i g  TIG 
M I G  
M I G  
M I G  on heat 
t r e a t e d  p l a t e  
Short Arc 
Short Arc 
Tests Bar Axi s( 
i n  R e l a t i o n  t o  
P l a t e  R o l l i n g  
D i r e c t i o n  
1 1  
1 
I I  
1 
I I  
1 
1 1  
1 
I I  
1 
I I  
1 
I I  
1 
I I  
1 
I I  
1 
I I  
1 
Average KI Values Based on V isua l  2 
and NRL Equation IO. 






















































































125.5  1 4.0 
116.5 109.0 
145.5 115.5 
( I )  I 1  t es ts   s imu la te  a l ong i tud ina l  seam weld i n   t he   rocke t   cas ing .  
1 t es ts  s imu la te  a g i r t h  weld. 
TABLE 23. FWULAS USED I N  CALCULATIONS 
Fracture Toughness 
By NRL equa t ion  IO: 
and a = I - 8 . L l   i s   t h e   d i s t a n c e   b e t w e e n   o u t e r  and nex t   i nne r   l oad  
D o i n t s  o f  t h e  t e s t  b a r .  
By canpl  i ance method: 
In t e s t s  of marag ing   s tee l  i t  i s  assumed t h a t  E = 27 x IO6 p s i  and u- 0.3. 
i s  t h e  d e r i v a t i v e  of a c a n p l  i a n c e  r e l a t i o n  B/M = Q + Raz + Sa3 where 
t h e  c o e f f i c i e n t s  were c m p u t e d  f r o m  e x p e r i m e n t a l  v a l u e s  f o r  D/M as a f u n c t i o n  
of i n c r e a s i n g  s l o t  d e p t h  a in a c a I  i b r a t i o n  b a r  ‘ l o a d e d  t o  p r o d u c e  a c a l c u l i l t e d  
maxlmum f i b e r   s t r e s s   o f  dysIz (see  Table 24).   Load F f o r  c a l i b r a t i o n  f i b e r  
d a  
s t r e s s  was c a l c u l a t e d  f r a n  t h e  f o r m u l a  
2 B ( 6 , ~ / 2 ) ( d - a ) *  
F =  
3 L  
C a l i b r a t i o n  B/M = Be where e i s  t h e  bern, d e f l e c t i o n  i n  t h r e e - p o i n t  l o a d i n g .  
F 
S t a t i s t i c s  
C o e f f i c i e n t  o f  v a r i a t i o n :  
l u  
C.V. = % where s = 
X - v N - I  
C o n f i d e n c e   l i m i t s :  
95% C. L.: O! = .05 
I -a= P X -,+ ~ ( N - I ) ,  1-a~- p -  X +,,+ ~ ( N - I ) ,  I-a/2 c 1 
90% C.  L.: sane  formula  s  above  xcept = . 10 
F i b e r  S t r e s s  
The maximum n m i n a i   f i b e r   s t r e s s  6,- i n  an  unbroken  l igament a t  t h e  t i p  of 
t h e  f a t i g u e  c r a c k  a t  p o p - i n  was c a l c u l a t e d  b y  t h e  t o r m u l a  
TABLE  24. LIST CF EQUATIONS  USED IN CALCULATING K l c  BY CailPLlANCE 
P I   a te  No. Locat lon Cal lbrat ion Equat lon Used f o r  h p l l a n c e  C a l c u l a t l o n  o f  K l c ( l )  Notch 
I BM B/M 4.92 + 2B.68a2 + 33.39a3 ( X I Q 6 )  
7 w B/M = 5.27 + 21.55.' t 5 1 . 6 5 ~ ~  (XiO-6) 
7 ai 








I O  










I O  FZ + HA2 + OB 
14 BM 
14 cw 
14 FZ + HA2 + DB 
15 BM 
B/M - 5.14 + 29.E1a2 t 32.46a3 (X10-6) 
B/M = 5.15 + 20.49a2 t 50.51a3 (XIQ6) 
B/M = 5.35 + 16.05a2 + 73.690~  (XIO-6) 
B/M = 5.13 + 21.760' + 64.07a3 (X10-6) 
B/M = 5.35 - 0.39a2 t131.37a3 (X10-6) 
B/M = 5.14 + 19.B3a2 + 65.350~ (XIO+) 
B/M = 5.23 t 12.22a2 + 76.41a3 (X10-6) 
B/M - 5.33 + 11.99a2 t 99.4Ba3 (XIO+) 
E/M = 5.33 + 14.03a2 + E4.23a3 (X10-6) 
B/M = 4.97 + 30.65a2 t 19.66a3 (XlO+) 
B/M = 5.17 + 31.900~ + 13.96a3 (X10-6) 
B/M = 5.  19 + 29.33a2 + 25.31a3  (XIO+') 
E/M = 5 . 0 3  + 31.50a2 + 10.94a3 (X10-6) 
E/M = 5.02 + 33.10a2 + 20.00a3 (X10-6) 
0/M = 5.10 + 38.14.d - 6.31a3 (X10-6) 
E/M = 5.37 + 32.26a2 + 30.66a3 (X10-61 
15 cn 0/M = 5.23 + 45.22a2 - 13.96a3 (X10m6) 





B/M = 5.03 + J4.11a2 + 11.23a3 (X10-6) 
E/M = 5.07 + 29.05a2 + 29.02a3 (XIQ6) 
18 FZ + HA2 + DE E/M = 5.11 + 38.27a2 - 2 . 1 0 ~ 3  MIO-6) 
19 EM 0/M = 5.43 + 35.Ma2 + 19.36a3 (X10-6) 
19 m 





20 FZ + HA2 + OB 
21 BM 
21 cn 
21 FZ + H A I  + OB 
E/M = 5.26 + 43.12a2 - 11.43a3 (X10-6) 
0/M = 5.20 + 43.56a2 - II.29a3  (X10-6) 
E/M = 5.33 + 36.66a2 + 5.29a3 (XIO+) 
0/M = 5.25 + 41.95a2 - 10.29a3 (XlO-') 
B/M = 5.26 + 39.55a2 - 2.39a3 (X1OU6) 
0 / M  = 5.03 + 34.75a2 + 11.532 (XIO+) 
B/M = 5.05 + 29.05a2 + 29.092  (X10-6) 
E/M = 5.09 + 37.90a2 + 0.27a3 (XIiT-6) 
22 01 B/M = 5.20 + 35.lOa2 + 11.50a3 (XIO-6) 
22 F Z  + HA2 + OB 
23 BM 
23 lli 





B/M = 5.25 + 37.05a2 + 4.63a3 (XIO-6) 
B/M = 5.28 + 32.94a2 + 12.60a3 (X10m6) 
B/M = 5.24 + 34.38a2 + 6.70a3  (XIO-6) 
B/M = 5.27 c 27.72a2 + 30.67a3 (X10-6) 
B/M = 5.36 + 27.03a2 + 34.07a3 (XIO-6) 
B/M = 5.30 t 26.22a2 + 35.442 (XIO-6) 
24 FZ + HA2 + DB B/M = 5.28 + 24.09a2 + 46.05a3 (XIO-6) 
( 1 )  Equatlons were a least squares f i t  t o  B/M ccmpilance values as a func t lon  of 
s l o t  depth a i n  one o r  more c a l i b r a t l o n  b a r s  fran each t e s t  l o t .  The 
c a l l b r a t i o n  l o a d  was adJusted accordlng to  s lo t  depth to produce a ca lcu la ted  
maxlmum f l b e r   s t r e s s   o f  d y s / P  i n  t h e  unnotched  sectlon. The upper  l inear 
p o r t l o n  of the load-def lect ion curve was used t o  c a l c u l a t e  0IM. 
33 
TABLE 25. OISTRIEUTIW OF TYPES CF LOM-DEFLECTION CWES 
Types a r e  i l l u s t r a t e d  i n  F i g u r e  (I. D i s t r i b u t i o n  below i s  g i v e n  as par ts  of one hundred  percent. 
Values of 50 per cent or over are under lined. 
w 
4= 













































L i t t l e  TIQ 
L i t t l e  TIG 
M I G  
MIG 
Short  Arc 
B ig  TIG 
M I G  
B ig  TIG 
Short Arc 
L i t t l e  TIG 
L i t t l e  TIG 
M I G  
MIG 
Short Arc 
B ig  TIG 
MIG 
B ig  TIG 
Short Arc 
Ease Metal  Center  of Weld Fusion Zone - 
A B C D E L  A L ! . C l L F  A B C D  I F  A 
- 65 12 23 0 0 0 6 6 18 12 0 2 0 29 43 0 14 14 33 
2 4 5 2   4 2 0  0 0 8 8 2 7  19 8 5 0  3 3 1 7 2  0 0 0 45 
0 17 60 17 0 6 0 0 I I  78 0 I I  -- -- -- -- -- -- 0 
7  29 I I  42 0 I I  4  4  9 2 0 26 0 22  22  22 0 34 0 
0 1 5 8 3 1   0 4 6  O l O 2 O s  0 2 0  0 0 0 1 0 0  0 0 0 
I O  5 0 45 0 40 I O  5  25 25 0 35 14  14 14 30 14  14 -- 
IO I O  0 I O  0 lo 0 0 14 43 0 43 13 0 2 24 0 13 -- 
I O  0 2 0  5 5 6 0  13 0 0 5 3  7  27 22 0 I I  0 2 2 4 5  0 
0 0 23 31 0 46 8 15 0 77 0 0 -- -- -- -- --  -- 0 
Heat-Af  fected Zone 
B C D  L I 
8 2 0  0 0  
9 3 6 9  0 0 
14 0 0  O &  
0 13 2 0 33 
e 1 5  o 15 
0 0 0 0 2 4 4  0 0 2 0  0 2 0 6 0  0 0 0 0 2 4 6  0 0 0 ' 0  
O O O O ~ i 4  0 o o o g 3 5  0 0 0  0 8 9 1 1  0 0  0 0  
0 0 4 1 i  0s 0 0 1 6 2 i 5 ; I l  0 0 9 0 7 3 1 8  7 0 0 0 
0 0 0 0 8 8 1 2  4 0 2 0   5 3 0  0 5 0 0 0 0 8 2 1 8  0 0 0 0 
0 0 0 0 & 2 0  14 7 1 4   7 2 9 2 9  0 1 3  0 0 8 7  0 0 0 0 0 
0 4 0 0 & 3 2  0 5 5 5 5 g  0 0 0  O D 0  0 0  0 0  
- - " - - " " - - 0 0 6 4 1  0 2  13 0 1 3  0 2 4 0  0 0 0 0 
0 O O O g i 5  16 5 2 1 ' 0 3 7 2 1  0 0 0  0 8 8 1 2  0 0  0 0  























Dark Band Area 
B C  0 I1. 
e =  o e o 
3 3 3 3  0 0 0 
0 0 0 33 33 
o o g  0 I I  
0 4 0  0 0 0 
0 0 4 5  0 22 
" " " " " 
0 20 0 2 30 
" " " " " 
0 0 0  O g  40 
0 0 0  O g J  I I  
0 0 0  0 0 1 0 0  
0 0 0  o g  38 
0 0 0  0 2  26 
0 0 0  O g  16 
0 0 0  O Z  23 
" " " " " " 
0 0 IE 0 36 46 
TABLE  26. CRITICAL FLAW  TO ERANCE  AT CEKTER ff W E D S  SIMULATING A LONGITWINAL W E D  IN THE R W E T  MOTm CASE 











Maragi  ng 
Grade 
Stee l  











o f  Base 
Metal 
Average 
Hardness Center of Weld S m i - c i r c u l a r   S u r f a c e  Crack  (a=c) 
of Center Mean KIC 
Tes t  
Minimum T o l e r a t e d   a t  0.9 6 y s  
of Weld Value  Klc  Va ue Based on K l c  
Calculated Radius of 
(Rc 1 Weld Type Oi rec t ion   (Rc)  (1000 p s i f i i i )  (loo0 p s i m )  
”” ( i n )  
52 L i t t l e  TIG I I 50.5 83.5  60.0  .074 
52 MIG I I  49.0 73.5  64.5 
52 B i g  TIG I I  49.0 104.0 92.5 
.057 
. I15 
52 Short   Arc I I  50.0  69.5  59.5 .051 
48.5 L i t t l e  TIG I I  50.0 I 11.0 96.5 
48.5 MIG I I  49.5 70.5 61.5 
48.5 B i g  TIG I I  49.5 113.0 86.5 
48.5 Short  Arc I I  50.0 61.0 50.0 
. I75 
.070 
. 18 I 
.053 
Semi-circular Surface Crack (a=c) 
Calcu lated Radius of  
T o l e r a t e d  a t  0.9 d y s  















TYPl CAL LAYCUT CF BENG TEST BARS 
The welds  were  made  either  perpendicular or parallel to the  principal 
r o l l i n g  direction of the  base  plate as indicated in Table I. 
COOE; CW - CENTER OF WELD FUSION ZONE 
FZ - EDGE OF WELD FUSION ZONE 
HAZ- HEAT AFFECTED ZONE 
DB - DARK BAND AREA 
BM - BASE METAL 
HA2 FZ 
BM I CW 
CROSS  ECTION OF WELD  AREA SHOWING 
Dl FFERENT LOCATIONS OF STARTING NOTCH 
TIPPED WITH  FATIGUE CRACK 
FIGURE 2 
37 
WELDING M E M O -  
SAMPLE S I ZE- 
151 




- BASE METAL 
x - CENTER OF WELD 
0 - FUSION ZONE 
f i i  
11111 
MIG on h e a t  
t r e a t e d  p l a t e  




STATISTCAL CHART CF FRACTURE TOUGHNESS TESTS MADE ON 18 N i  ( 2 5 0 )  MARAGING  STEEL  PLATE 
3/4 INCH  THICK WELDED TO  SIMULATE A LONG1 TUDl NAL SEAM WELD I N  A RCCKET MOTCR CASE. 
The 95 percent conf idence l imi ts are shown attached t o  t'he symbol f o r  mean K l c  value. 











x - CEKTER ff WELD 
0 - FUSION ZOHE 
e - HEAT-AFFECTED-ZONE 
- DAW( B M  AREA 11111 
B i g  TIG 
I 1 ' '  
11111 
FIGURE 4 
STAT1  ST1  CAL  CHART CF FRACTURE  TOUGHNESS  TESTS MADE ON I8 N i  (250 1 MARAGI NG STEEL. 
PLATE 3/4 INCH THICK WELDED  TO SIMULATE A GIRTH WELD IN A RCCKET  MOTCR CASE. 
The 95 percent conf i dence I imi t s   a r e  shown a t tached t o  t h e  symbo I f o r  mean KI c value. 










S W L E  SIZE. 
I50 
50 
- BASE METAL 
0 - FUSICH ZCHE 
e - HEAT-NFECTED-ZONE 




L i t t l e  TIG 
I 
FIGURE 5 
MIG on heat 
t r e a t e d  p l a t e  
(0) (0)  (0) (0) (0) 
TICAL CHART OF  RACTURE TOUGHNESS TESTS MADE ON 18 N i  (200 )  MARAGING STEEL  PLATE 
INCH THICK WELDED TO SIMULATE A LONGITUDINAL SEAM WELD IN A RCCKET MOTOR CASE. 
p e r c e n t  c o n f i d e n c e  l i m i t s  a r e  shown a t t a c h e d  t o  t h e  symbol f o r  mean K l c  v a l u e .  
















- BASE METAL 
x - CENER ff HELD 
0 - FUSION ZONE 
- HEAT-AFFECTED-ZONE 
- D M  BAKl AREA 
Little TIG B i g  TIG 
11111 
M I G  on heat 
treated plate 
:O) ( 1 7 )   ( 8 ( 1 1 )  (13) 





STAT1  ST1  CAL  CHART CF FRACTURE  TCUGHNESS  TESTS MADE ON 18 N i  (200 1 MARAGI NG STEEL 
PLATE 3/4 INCH THICK NELDED TO SIMULATE A GIRTH WELD IN A RCCKET  MOTCR CASE. 
The 95 percent  conf idence l imi ts  are shown at tached t o  t h e  symbol f o r  mean K l c  value. 














I I? 1 I I I I I I I 
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 
K~~ BY NRL EQUATION IO ( l o o o p s i m  
FIGURE 7 
SCATTER  DIAGRAM  OF RELATIONSHIP BETWEEN Klc CALCULATED BY 
EQUATION IO AND Klc CALCULATED BY THE  COMPLIANCE  METHOD IN 























Y 5.98 + 0.979X 
1 
0 Ib 210 i o  4b " i o  $0 $0 I30 SLO I A O  I10 IhO 110 l!O 4 0  d o  l b  
Klc BY NRL EQUATION IO ( 1 0 0 0 p d ~  
FIGURE 8 
SCATTER  DIAGRAM OF RELATIONSHIP  BETWEEN  Klc CALCULATED BY 
EQUATION IO AND Klc CALCULATED BY THE  COMPLIANCE  METHOD I N  
TESTS OF WELDED 18 Ni(200) MARAGING  STEEL  PLATES 3/4 INCH  THICK 
43 
1.70 - 







0.9 0 - 
anom 





0.4 0 - 
1 I I I I I I f I I I I I I 
0 10 2 0  30 40 50 60 7 0  80 90 100 110 120 130 l!o I b O  I ~ O  I\O 
Klc BY NRL EOUATION IO ( 1 O O O p r 1 ~  
FIGURE 9 
SCATTER  DIAGRAM  OF  RELATION  BETWEEN Klc CALCULATED BY EQUATION IO 
AND  THE  CALCULATED  RATIO U,,,/Uys IN TESTS  OF  WELDED la Ni 
MARAGING STEEL  PLATES 3/4 INCH THICK 
44 
1.70- 
I .60 - 
















0 I O  2 0  3 k  40 SO 60 70 BO 90 IO0 110 120 130 140 150 160 170 
I I I I I I I I I I I I I I 
Klc BY NRL EQUATION I O  ( 1 0 0 0 p r i ~  
FIGURE 10 
SCATTER  DIAGRAM OF RELATION  BETWEEN Klc CALCULATED BY EQUATION IO 
AND 'THE CALCULATED RATIO 6 n o m / b y ~  IN TESTS OF WELDED 18 N i m  
MARAGING STEEL  PLATES 3/4 INCH THICK 
45 
-DEFLECT I ON - 
FIGURE I I 
TYPICAL LOAD-DEFLECT1 ON CURVES OBSERVED I N  THE SLGW BEND TESTS 
Arrow i n d i c a t e s  pop-in load used i n  K t c  c a l c u l a t i o n s  
46 
I 
FLAW-SHAPE PARAMETER - Q 
FIGURE 12 
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